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CHAPTER 1 
INTRODUCTION: REACTIONS BETWEEN HEMOGLOBINS AND  
INORGANIC NITROGEN COMPOUNDS 
 
 The research topics of this thesis are all related to the reactions between plant 
class 1 nonsymbiotic hemoblogin (nsHb1) and nitrite and nitric oxide under hypoxic or 
anoxic conditions. This chapter is a general introduction of reactions between 
hemoglobins and these two reactive inorganic nitrogen compounds, to help one better 
understand research chapters 2, 3 and 4.  
 Reactions of heme proteins with inorganic nitrogen compounds are wide-spread 
in biology, with hemes involved in both dissimilatory and assimilatory nitrogen 
metabolism, and ammonium oxidation.  In many of these cases the heme cofactors are 
only transferring elections, but in others they serve as the active site for binding and 
reacting with the nitrogen metabolite.  Less is known about the reactions of Hbs with 
nitrogenous compounds.  Azide and cyanide bind tightly and reversibly to most ferric 
Hbs [1], and less tightly to the ferrous oxidation states.  Exogenous imidazole will also 
bind to Hbs, and mimic hexacoordination [2]. Nitric oxide binds reversibly to both 
oxidation states, but tightest to ferrous heme [1]. The reactions described below outline 
not only the reversible reactions with Hbs, but also those that result in redox changes for 
the heme and substrate.  These include chemical reactions with nitric oxide, nitrite, and 
hydroxylamine. 
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Reactions with Nitrite 
 Hbs react with nitrite in both the deoxyferrous and oxyferrous oxidation states, 
with markedly different outcomes.  The reaction between oxyhemoglobin (oxy-rbcHb) 
and nitrite was first reported by Arthur Gamgee in 1868 [3], who observed the oxidation 
of oxy-rbcHb upon addition of nitrite. Although the products of this reaction were firmly 
identified as methemoglobin (met-rbcHb) and nitrate [4], and the reaction is recognized 
as a nitrite-induced autooxidation [5], the actual mechanism is still unclear. Keszler et al. 
proposed a model involving H2O2 and the ferrylhemoglobin (ferrylHb) radical in which 
nitrite is involved in the faster propagation-phase of the reaction [6]. Nevertheless, this 
reaction explains the toxicity of nitrite to humans due to hemoglobinemia resulting from 
heme oxidation and dissociation [7, 8]. 
Surprisingly, all of the studies concerning nitrite reactions with oxyHb involve 
pxHbs (mostly human blood Hb and muscle myoglobins), and not hxHbs. The fact that 
many hxHbs are often unstable with oxygen is certainly to blame, but others, such as 
nsHb1 from plants, can form relatively stable oxy complexes [9, 10].  Class 1 nsHbs are 
expressed during hypoxia, which is also associated with elevated levels of nitrite [11, 12] 
Thus, if oxygen concentrations were high enough to bind the Hb, there would be a 
potential for the reaction.  
The second reaction of Hbs with nitrite is much more relevant to hxHbs.  At the 
beginning of 1900s, John Haldane reported the reaction between deoxyhemoglobin 
(deoxy-rbcHb) and nitrite while researching the chemistry of meat curing [13]. He found 
that the red color of salted meat results from nitric oxide (NO) binding to deoxyferrous 
Hb, forming a ferrous-nitrosyl rbcHb complex (which to the eye resembles the color of 
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fresh oxygenated meat more than the brown color associated with oxidation). NO is 
produced by the reaction of nitrite with deoxyHb in the absence of oxygen. The 
bimolecular reaction passes one electron from ferrous heme to nitrite, making NO and 
ferric heme (Reaction 3). Since binding of NO to ferrous Hb (reaction 2) is extremely 
rapid (kNO ~ 100 µM-1 s-1) [14], the NO formed in the reaction rapidly binds the 
remaining ferrous Hb making the stable ferrous-NO complex associated with red color.   
 
HbFe II  + NO2
 – + H+
  !!"!  !    HbFe III  + NO + OH –    (Reaction 1)  
HbFe II  + NO
    !!"  HbFe II NO      (Reaction 2) 
2HbFe II  + NO2 – + H+   !obs    HbFe III  + HbFe III NO + OH –        (Reaction 3) 
 
 Nitrite reductase activity only occurs with the deoxyferrous form of Hbs and is 
common in both pxHbs and hxHbs (Table 2).  The speed of the reaction varies between 
different Hbs, and does not correlate with coordination state or strength of coordination in 
hxHbs.  Human rbcHb is not a good nitrite reductase in the deoxyferrous form (T state). 
But when it is saturated by 40-60% oxygen (about half T state, half R state), it shows the 
maximum nitrite reductase activity (6 M-1 s-1) [15-17]. Deoxy Mb reduces nitrite with a 
bimolecular rate constant of 11 M-1 s-1, reportedly protecting heart cells from myocardial 
ischemia-reperfusion injury [18, 19]. 
Plant class 1 nsHbs and SynHb react relatively rapidly with nitrite (~ 160 M-1 s-1) 
[20], compared to rbcHb and Mb, which are slower (~ 2 M-1 s-1), and animal hxHbs (Ngb 
and Cgb), which are slower still (< 1 M-1 s-1) [21, 22].  In the case of Ngb, the wild type 
protein reduces nitrite very slowly, but when the distal histidine is mutated to leucine or 
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glutamine, the rate increase dramatically to ~ 250 M-1 s-1, on par with the plant nsHbs 
[21].  Thus, hexacoordination is not required for rapid rates of nitrite reduction, and in 
fact hexacoordination in wild type Ngb clearly inhibits the reaction. 
 The reduction of nitrite by both pxHbs and hxHbs is thought to play important 
roles in the diverse tissues where these different proteins are located.  In plants and 
cyanobacteria, nitrate and nitrite concentration can increase to high (millimolar) levels, 
especially under hypoxic conditions [11, 12].  In this case, plant nsHbs could effectively 
reduce nitrite to aid in nitrogen assimilation to produce ammonium, or dissimilation to 
aid the regeneration of NAD+.  In support of this mechanism is the fact that nsHb1 also 
reduces hydroxylamine to ammonia, another reaction on this pathway.  Along these lines, 
the hexacoordinate hemoglobin from the cyanobacterium synechococcus aids in growth 
on high concentrations of nitrate, possibly by detoxifying peroxynitrite that resulting 
from NO production by nitrate or nitrite reductase [23].  
In animals, nitrite reductase activity of Ngb is proposed to be important in 
regulating NO metabolism for the protection of neurons during hypoxia [24-26].  
Petersen et al. studied the reaction between murine deoxy Ngb and nitrite [27] reporting a 
second order rate constant of 5.1 M-1 s-1 for the reaction. They found that ferric Ngb was 
the main product, and ferrous nitrosyl Ngb was present in smaller amounts (less than 
20% of total product). This high product ratio of ferric to ferrous nitrosyl Ngb was 
explained as being due to the lower affinity of Ngb for NO compared to Mb and Hb [14].  
A recent study of deoxyferrous human Ngb nitrite reduction by Tiso et al. [21] measured 
a rate constant of 0.12 M-1 s-1 resulting in a 1:1 ratio of ferric Ngb and ferrous nitrosyl 
Ngb.  Tiso et al. also proposed that the nitrite reductase activity of Ngb is correlated with 
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coordination state, based on the fact that the pentacoordinate Ngb mutant proteins H64L 
and H64Q speed up nitrite reduction ~2000 times compared to the wild type protein.  
Mutations that strengthen coordination (C55A and C46A) were shown to slow the 
reaction. 
Cgb is a hxHb that is expressed in almost all tissues [28, 29]. Despite its slow rate 
of nitrite reduction (0.14 M-1 s-1), Li et al have recently suggested its function as a nitrite 
reductase might be significant [22]. Nitrite reduction by deoxy ferrous Cgb produces a 
slightly smaller ratio of nitrosyl Cgb than ferric Cgb, and nM scale NO release from this 
reaction was measured by EPR and a gas phase chemilluminescence NO analyzer. 
Together with Cgb’s up-regulation during hypoxia [30], these results support a 
hypothesis involving NO metabolism during hypoxia. 
 
Reactions with Nitric Oxide 
Just as the reactions of Hbs with nitrite depends greatly on the starting oxidation 
and ligand state of the heme iron, so do those with NO.  Deoxy Hbs generally reversibly 
bind NO with very high affinity constants, which are in the picomolar range for blood Hb 
and Mb [31].  Ferric Hbs will also reversibly bind NO with much lower affinity, and can 
be slowly reduced by NO.  In general, hexacoordination lowers NO affinity in both 
oxidations states [14, 32], and has no clear effect on NO-induced reduction of the ferric 
proteins [33]. 
 If NO contacts the oxyferrous form of Hb, a very rapid chemical reaction called 
"NO dioxygenation" (NOD) occurs, in which NO reacts with bound oxygen eventually 
making nitrate and oxidizing the heme iron (Reaction 4).  NOD is the function of 
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bacterial and fungal "flavohemoglobins" (flavoHbs), who use it to detoxify NO in their 
surroundings or resulting from endogenous sources [34-37]. As implied by their name, 
flavoHbs have a heme domain and a flavin domain [38]. In the NOD reaction, the 
oxyferrous heme domain reacts with NO to make nitrate and ferric heme.  The flavin 
domain then shuttles an electron from NADH to the heme to re-reduce it so that it can 
bind oxygen to start the cycle again.   
 
HbFe II O2 + NO
         
HbFe III –OONO             HbFe III + NO3 –   (Reaction 4) 
 
While NOD activity was first found in E.coli flavoHb [35], most Hbs (both hexa- and 
pentacoordinate) can carry out the oxidative NOD reaction very effectively [33].  
However, flavoHb can rapidly finish the reductive half of the NOD reaction by using 
NADH to reduce the ferric heme back to the ferrous form (Figure 1-1). For Hbs to 
scavenge NO using the NOD mechanism, there must be an effective mechanism for heme 
reduction. NOD activity has been ascribed to plant nsHbs, and three mechanisms of 
reduction have been proposed including specific enzymes, free flavins [39] and ascorbic 
acid [40].  In the ascorbic acid mechanism, it was proposed that monodehydroascorbate 
reductase (MDHAR)-mediated ascorbate reduction of metHb might facilitate NO 
scavenging. However, it has been shown that ascorbic acid reduction of ferric rice nsHb1 
is very slow (0.01 mM-1min-1) compared to NADH reduction of flavoHb [36], and that 
hemoglobin reduction by ascorbate is not affected by MDHAR in vitro. 
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hxHb: hexacoordinated hemoglobin 
Mb: myoglobin 
MDHAR: monodehydroascorbate reductase 
metHb: hemoglobin with its heme iron in ferric oxidation state 
Ngb: neuroglobin 
NOD: nitric oxide dioxygenation 
nsHb1: nonsymbiotic hemoglobin class 1 
oxyHb: hemoglobin with its heme binding oxygen molecule  
SynHb: Synechocystis hemoglobin 
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Figures and Legends 
 
 
Figure 1-1. The nitric oxide dioxygenase (NOD) reaction. Oxy hemoglobins (Hb) will 
react with NO to make nitrate and ferric Hb. After the ferric Hb is reduced back to 
ferrous state (in the case of flavohemoglobin, using NADH), it will bind oxygen (if 
present) to start the reaction again.   
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CHAPTER 2 
NITRIC OXIDE IN PLANTS:  
THE ROLES OF ASCORBATE AND HEMOGLOBIN 
 
A research paper in published in PLoS ONE, December 2013 
Xiaoguang Wang1, Mark Hargrove2 
 
Abstract 
 Ascorbic acid and hemoglobins have been linked to nitric oxide metabolism in 
plants.  It has been hypothesized that ascorbic acid directly reduces plant hemoglobin in 
support of NO scavenging, producing nitrate and monodehydroascorbate. In this 
scenario, monodehydroascorbate reductase uses NADH to reduce monodehydroascorbate 
back to ascorbate to sustain the cycle.  To test this hypothesis, rates of rice nonsymbiotic 
hemoglobin reduction by ascorbate were measured directly, in the presence and absence 
of purified rice monodehyroascorbate reductase and NADH.  Solution NO scavenging 
was also measured methodically in the presence and absence of rice nonsymbiotic 
hemoglobin and monodehydroascorbate reductase, under hypoxic and normoxic 
conditions, in an effort to gauge the likelihood of these proteins affecting NO metabolism 
in plant tissues. Our results indicate that ascorbic acid slowly reduces rice nonsymbiotic 
hemoglobin at a rate identical to myoglobin reduction.  The product of the reaction is 
monodehydroascorbate, which can be efficiently reduced back to ascorbate in the 
                                                
1 Contributed in bench works, experimental design and writing. 
2 Contributed in experimental design and writing. To whom correspondence should be 
addressed. 
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presence of monodehydroascorbate reductase and NADH.  However, our NO scavenging 
results suggest that the direct reduction of plant hemoglobin by ascorbic acid is unlikely 
to serve as a significant factor in NO metabolism, even in the presence of 
monodehydroascorbate reductase.   
 Finally, the possibility that the direct reaction of nitrite/nitrous acid and ascorbic 
acid produces NO was measured at various pH values mimicking hypoxic plant cells.  
Our results suggest that this reaction is a likely source of NO as the plant cell pH drops 
below 7, and as nitrite concentrations rise to mM levels during hypoxia.   
 
Introduction 
  Ascorbic acid (AA) is an abundant and multifaceted biomolecule found in most 
living organisms [1-3]. The L-stereoisomer known as "vitamin C" is a cofactor for 
enzymatic reactions in animals that are important in collagen synthesis and wound repair.  
Additionally, humans normally maintain AA concentrations in the blood near 70 µM for 
the purpose of general antioxidant activity.  These properties stem from the facile redox 
chemistry linking AA, monodehydroascorbic acid (MDHA), and dehydroascorbic acid 
(DHA) (Figure 2-1A).  
 The antioxidant role of AA in plants is evident from the relatively high 
concentrations found in many tissues [4].  On average, the AA concentration in 
Arabidopsis cells is 5.6 mM [5], and it is found in many sub-cellular organelles including 
mitochondria, peroxisomes, vacuoles, cytosol, the cell wall, and chloroplasts, where 
concentrations can reach 50 mM [4, 6-10].  Such high concentrations in metabolically 
active areas indicate an important role for AA in the defense against damage by reactive 
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oxygen species (ROS).  AA is also important for mitigating damage by ROS produced in 
hypoxic and anoxic roots, which plants experience in a variety of soil conditions [11, 12].   
  
 The AA-glutathione cycle in plants.  Plants contain a relatively robust 
mechanism for exploiting the antioxidant properties of AA, known as the AA-glutathione 
cycle [13, 14] (Figure 2-1C).  In this cycle, AA reduces hydrogen peroxide (via AA 
peroxidase [15], APX), superoxide, and hydroxyl radical, each a product of excess 
reducing power in the cell. In these reactions, AA is initially oxidized to MDHA [16, 17], 
but DHA eventually results from spontaneous disproportionation of MDHA to AA and 
DHA [18]. The purpose of the cycle is that MDHA and DHA are much less reactive than 
superoxide, hydroxyl radical, and hydrogen peroxide, and the cell is granted time to 
dissipate chemical energy through less damaging mechanisms.  The AA-glutathione 
cycle is completed by reduction of MDHA and DHA back to AA.  Reduction of DHA is 
driven by reduced glutathione via the enzyme DHA-reductase (DHAR: EC 1.8.5.1), and 
reduction of MDHA is coupled to NAD(P)H oxidation by the enzyme MDHA-reductase 
(MDHAR: EC 1.6.5.4).   
  
 Nitric Oxide.  Another free radical ROS produced in plants and animals is nitric 
oxide (NO), which has diverse and important signaling functions and is often produced 
during hypoxia [19, 20]. NO and AA have even longer histories in the food sciences, 
where nitrate, nitrite, and AA are used in curing batter to give cured meat its 
characteristic deep red color [21, 22].  The cause of the color is NO, which binds 
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hemoglobin and myoglobin and mimics the color of fresh meat.  The source of NO in this 
reaction is the direct reduction of nitrous acid (protonated nitrite) by AA.   
 The origins of NO in hypoxic plant cells are not completely clear [23], but it is 
evident that significant NO concentrations are produced in these environments [20, 24]. 
The cytoplasmic pH of hypoxic plant cells can drop to pH 6.5 or lower [25, 26], while at 
the same time nitrite can rise to mM concentrations [23, 27] in the presence of similar 
levels of AA.  These conditions are well-suited for NO formation from nitrite as a result 
of direct reduction by AA.  However, this possibility has not yet been addressed directly 
in the context of plant physiology.   
  
 Hemoglobins and NO scavenging.  Bacteria and some yeast have a specific 
mechanism for scavenging NO called the NO dioxygenase (NOD) reaction (Figure 2-1B), 
in which NO is oxidized to nitrate via an oxygen-dependent reaction catalyzed by the 
enzyme flavohemoglobin [28, 29]. Flavohemoglobin contains a heme domain that binds 
oxygen, and a reductase domain that can reduce the heme using electrons from NAD(P)H. 
Oxy-flavohemoglobin reacts rapidly with NO, forming nitrate and ferric hemoglobin.  
The reductase domain then reduces the heme, which binds oxygen to complete the cycle 
(Figure 2-1B).   
 No such specific mechanism for NO scavenging has yet been affirmed in plants or 
animals, but it has been hypothesized that nonsymbiotic plant hemoglobins (nsHbs) 
might participate in this function.  This hypothesis is based largely on the ability of oxy-
nsHb to carryout the oxidative half-reaction with NO (Figure 2-1B; [30]), and indirectly 
on increased nsHb expression in several species in response to nitrate, nitrite, and nitric 
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oxide [31, 32], in NO scavenging ability in several plant species over-expressing nsHb 
[33-35], decreases in the levels of NO-sensitive enzymes in plants with down-regulated 
nsHb [36], and increases in NO emission from plants with down-regulated nsHb [24].  
However, none of this work characterizes the reductive half of the NOD reaction, 
consisting of the one electron reduction of ferric nsHb (Figure 2-1B).  
 nsHb reduction is considered to be the rate limiting step for NO scavenging using 
the NOD mechanism [37]. Several mechanisms of nsHb reduction have been proposed 
including specific reductases, free flavins [38], or ascorbic acid [39].  The latter 
mechanism proposes that AA, with help from MDHAR, might serve as the reducing 
agent for ferric nsHb in the reductive NOD half-reaction (Figure 2-1B).  In this scenario, 
AA directly reduces ferric nsHb, forming MDHA.  MDHAR then uses NAD(P)H to 
reduce MHDA back to AA, thus coupling the reducing power of NAD(P)H to nsHb 
reduction in support of NOD function.  There are some questions remaining whose 
answers would provide an important test of the hypothesis.  1) How fast is nsHb reduced 
by AA? The crux of this hypothesis rests on the ability of AA to reduce nsHb in an 
efficient manner, yet this reaction has not been measured directly.  2) How does MDHAR 
affect nsHb reduction by AA? 3) Does the AA/MDHAR system improve nsHb-mediated 
NO scavenging compared to the AA cycle alone? Finally, a very basic question regarding 
AA and NO must be answered in order to clarify the origins of NO: 4) Can AA directly 
reduce nitrite to form measurable NO levels under conditions mimicking hypoxic plant 
cells?   
 The experiments presented here address these questions by measuring the kinetics 
and products of AA reduction of rice nsHb with and without a purified MDHAR, and by 
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directly measuring NO scavenging by each component of this system in controlled in 
vitro systems.  Also measured is the direct production of NO by AA and nitrite as a 
function of pH, in an effort to gauge the likelihood of this reaction serving as an origin of 
NO in hypoxic plant cells.   
 
Materials and Methods 
 Protein Production. Oryza sativa (rice) class 1 nonsymbiotic hemoglobin (nsHb) 
expression and purification was performed as described previously [40]. The cDNA 
sequence for rice cytosolic monodehydroascorbate reductase (MDHAR) was obtained 
from GenBank (D85764.1), and used to design PCR primers (Table 2-1).  Single stranded 
Oryza sativa cDNA was produced by RT-PCR (Superscript III reverse transcriptase, 
Invitrogen, #18080-093) from total rice mRNA (a gift from Dr. Reuben Peters, 
Department of BBMB, Iowa State University), and oligo dT as a primer.  Double 
stranded MDHAR cDNA was then amplified by PCR using the single stranded cDNA as 
a template, RCMD F and RCMD R as primers (Table 2-1). PCR primers RCMD NheI F 
and RCMD HindIII R were used to add NheI (5’) and HindIII (3’) restriction sites 
flanking MDHAR cDNA by another round of PCR. MDHAR cDNA was then cloned 
into pET-28a (Novagen, #69864-3) between the NheI and HindIII sites.  
 His-tagged MDHAR protein was expressed [16, 41] and transformed into E. coli 
BL21(DE3)-RIPL cells (Stratagene, #230280).  The cells were grown in LB medium at 
37oC until the OD600nm reached 0.6, then expression was induced with 0.5mM IPTG and 
the temperature lowered to 25°C for 3 hours.  The cells were lysed, and the enzyme 
purified by Ni-NTA chromatography (Qiagen, #30210). Purified enzyme (determined as 
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a single band by SDS-PAGE) was dialyzed against 50mM phosphate buffer (pH=8.0) and 
concentrated with an Amicon Ultra-15 Centrifugal Filter Unit (Millipore, #UFC901008). 
MDHAR concentration was estimated based on its flavin absorbance using the extinction 
coefficient of 11.3 mM-1 cm-1 at 450 nm [42].   
 E. coli Ferredoxin-NADP reductase (FNR) (GenBank: AAA23805.1) was 
expressed from a pET-28a vector (Novagen, #69864-3).  FNR was purified and 
quantified using the procedure described above for MDHAR.  
 
 MDHAR assays. MDHAR enzyme activity was measured by monitoring the 
decrease in NADH absorbance at 340 nm [16]. A Varian Cary 50 Bio UV/Visible 
Spectrophotometer with Cary WinUV Kinetics software (Agilent Technologies) was used 
for data collection. The total reaction volume was 1 ml, containing 50 mM phosphate 
buffer, pH 8.0. (This pH was chosen for our MDHAR experiments to be consistent with 
previous work leading to this hypothesis [39].) 0.2 mM NADH was first added into a 
cuvette with 1 ml phosphate buffer, followed by AA from a freshly prepared stock to 
generate 3 mM AA in the cuvette, and 0.125 U/ml ascorbate oxidase (AO) (Sigma-
Aldrich, # A0157). 1.22 µΜ (or 0.024 µΜ) MDHAR were added to start the reaction. All 
data were plotted and analyzed using IGOR PRO software.  
 
 Rice nsHb reduction assays. Rice nsHb reduction assays were carried out by 
monitoring the increase in absorbance at 575 nm in air, or 415 nm in CO saturated buffer, 
using methods described previously [37]. CO-saturated buffer was prepared by bubbling 
CO for 20 minutes into 50 mM phosphate buffer pH 8.0 contained in a 20 ml glass 
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syringe.  All assays were conducted in a cuvette with 1ml of 50 mM phosphate buffer, pH 
8.0. For the reactions with high AA concentration (3, 6, 12 mM), 5 µΜ nsHb was added. 
For reduction experiments with excess nsHb, AA concentration was 2 µΜ and nsHb 
concentration was 10 µΜ. When NADH and MDHAR were involved, final 
concentrations were 0.2 mM and 0.73 µM respectively.  
 
 EPR measurements of monodehydroascorbate. EPR spectra were collected with 
a Bruker ESP 300 spectrometer in Dr. Yeon-Kyun Shin’s laboratory (Department of 
Biochemistry, Iowa State University).  All spectra were collected at room temperature 
with the same instrument settings: modulation frequency, 100 kHz; modulation amplitude, 
0.71 G [43]; time constant, 1310.72 ms; sweep time, 41.94 s; center field, 3298 G; sweep 
width, 7 G. All EPR samples were prepared by premixing reagents with 50 mM 
phosphate buffer (pH 8.0) to a total volume of 10 µl. Concentration of reagents (when 
involved) were: AA, 3 mM; NADH, 0.2 mM; MDHAR, 0.73 µM; AO, 0.0125 U/µl. 
Fresh AA was prepared right before experiment, while equilibrated AA was prepared and 
set at room temperature for 72 hours before experiment. All samples were 6 µl in round 
capillaries (Vitrotubes, #CV6084).   
 
 NO scavenging and production experiments. Solution NO concentrations were 
measured with an ISO-NO MARK II Nitric Oxide Meter and Duo-18 recording system 
with Duo-18 software (WPI), which has been described previously [37]. A saturated NO 
solution (2 mM NO) was prepared by bubbling 50 mM phosphate buffer (pH 8.0) with 
ultra high purity N2 gas for 20 minutes, followed by bubbling with ultra high purity NO 
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for 10 minutes. The NO was sparged through 5M NaOH on its way into the phosphate 
buffer. To prepare the sample, 1.95 ml of 50 mM phosphate buffer (pH 8.0) was first 
added into an electrode chamber, which was then sparged with ultra high purity N2 for 5 
minutes for conditions simulating hypoxia. A FOXY-R oxygen electrode and 
OOISensors software (Ocean Optics, Inc.) were used to measure the oxygen 
concentrations during the hypoxic experiments. The oxygen electrode was calibrated with 
two points; 1M sodium dithionite solution (in 50mM phosphate buffer, pH 8.0) was used 
as 0 µM oxygen, and 50mM phosphate buffer (pH 8.0) bubbled with air for 10 minutes 
was used as 262 µM oxygen. Based on this calibration, our "hypoxic" conditions are 0.1 
µM in oxygen.   
 To begin the NO scavenging experiments, reagents were added into the chamber 
for a premix to establish a baseline, and then a final concentration of 50 µM NO (50 µl of 
the saturated NO solution) was added to start the reaction. Reagents were (when used in 
the experiment): 3 mM AA, 3 mM DHA, 0.2 mM NADH, 5 µΜ rice nsHb, 0.73 µΜ 
MDHAR, 0.73 µM FNR, and 0.125 U/reaction ascorbate oxidase. Time course data were 
graphed with IGOR PRO software. Experiments measuring NO production from nitrite at 
various pH values were conducted by addition of 3mM AA into 2 ml of 10 mM or 200 
mM sodium nitrite (in the hypoxic NO electrode chamber) made in 50 mM phosphate 
buffer of varying pH. Sodium nitrite solutions in all experiments were first verified for 
pH and bubbled with ultra high purity N2 for 5 minutes.  
 
 Statistical analysis and figure production.  The spectra presented in Figure 2-2A 
and 2-2B are one example out of four independent replicates. Likewise, the time courses 
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shown in Figure 2-5 and 2-6 are examples of at least four independent replicates, analysis 
of which led to the values in Table 2-2.  All the other curves in Figure 2-2, 2-3, 2-4, 2-5 
and 2-6 represent the average of at least three independent replicates. In Table 2-2, the 
numbers are the average of at least four independent replicates. The absolute variance 
across the individual observations for each value in Table 2-2 was within 10 % of the 
average. All data were plotted and analyzed using IGOR PRO software, and figures were 
produced in Adobe Illustrator.   
 
Results 
 Rice nsHb is reduced directly by AA and DHA. A reaction key to the NOD 
function for AA and nsHb is reduction of nsHb by AA.  Previous investigations of AA, 
MDHAR, and nsHb interactions inferred reduction of the Hb from measurements of NO 
scavenging by root extracts and partially purified nsHb fractions, and NADH 
consumption by a purified by MDHAR [39].  Neither set of experiments, however, 
directly measured nsHb reduction by AA.   
 Results of the reaction of AA with rice nsHb are presented in Figure 2-2. The 
starting (ferric) and final (oxy-ferrous) spectra are labeled, and demonstrate an isosbestic 
transition between the two states.  Figure 2-2C are time courses for rice nsHb reduction at 
different AA concentrations, showing an increase in rate at higher AA concentrations 
expected for a bimolecular reaction.  Rate constants for these time courses, and for those 
associated with rice nsHb reduction by DHA are shown in Figure 2-2D as function of AA 
concentration.  Also included in Figure 2-2D are rate constants for the reduction of horse 
heart Mb, which were measured to gauge the specificity of the reaction for rice nsHb.  In 
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all cases, the rate constants are linearly dependent on AA and DHA concentrations, and 
fits yield bimolecular rate constants of 0.01 mM-1min-1 for nsHb and Mb, and 0.003 mM-
1min-1 for reduction of nsHb by DHA.   
 Reduction of a ferric Hb to the ferrous oxidation state requires one electron.  If the 
reduction is coupled to AA oxidation, the initial product is expected to be the MDHA 
radical.  As most of the experiments in this article involve redox reactions with AA, it is 
prudent to characterize the chemical state of AA in our solutions, and document product 
formation.  For MDHA, this is accomplished by measuring the room temperature EPR 
signal associated with the MDHA radical [43].  When 3mM AA is freshly dissolved, the 
solution initially contains MDHA on the order of 10 nM [43] (Figure 2-3A).  The MDHA 
signal decays slowly (over hours) to an "equilibrated" value of ~ 1 nM, which is stable 
indefinitely.  Addition of ferric rice nsHb to equilibrated AA results in an increase in the 
MDHA EPR signal (Figure 2-3B).  Thus, as expected for a one-electron Hb reduction by 
AA, it results in the production of MDHA.   
 
 The role of MDHAR in nsHb reduction by AA. To test the effects of MDHAR 
on AA-mediated nsHb reduction, an MDHAR from rice was expressed using 
recombinant methods and purified to a single band as measured by SDS-PAGE.  Rice 
MDHAR had the expected molecular mass of 46.6 kD, and purified from bacteria with a 
visible absorption spectrum characteristic of a flavoprotein (Figure 2-4A).  Two 
experiments confirmed that our purified rice MDHAR contained the expected MDHA 
reductase activity.  In the first, addition of MDHAR to a 3mM solution of fresh AA (in 
the presence of NADH) completely removed the EPR signal associated with MDHA 
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(Figure 2-4B).  EPR was also used to confirm that AAOx produces MDHA from AA in 
our reaction conditions, so that we could be confident of substrate production for the 
reactions in Figure 2-4C).  In the second experiment, MDHAR oxidized NADH only in 
the presence of MDHA (produced from AA and AAOx), and at rates proportional to 
MDHAR concentration (Figure 2-4C).  Thus, our purified rice MDHAR has the expected 
ability to couple MDHA reduction to NADH oxidation.   
 Two experiments were also used to measure the effects of MDHAR on nsHb 
reduction by AA.  In the first (Figure 2-4D), time courses for nsHb (5 µM) reduction 
were measured in the presence of excess AA (3 to 12 mM), with and without MHDAR 
and NADH.  MDHAR alone (without AA or NADH) did not reduce nsHb at all, whereas 
NADH alone (or with MDHAR) reduced nsHb very slowly.  In the presence of AA, 
reduction was accelerated to the levels observed in Figure 2-2C, but were not affected at 
all by the inclusion of MDHAR and NADH.  These reduction rate constants are plotted 
along with those by AA alone in Figure 2-2D, and their linear fit yields a bimolecular rate 
constant of 0.01 mM-1min-1, identical to that by AA alone.   
 The second experiment tested nsHb reduction when AA concentration (2µM) is 
lower than nsHb (10 µM).  Under these conditions one might expect that the benefit of 
MDHAR/NADH would become evident, as the AA must be cycled back from MDHA to 
complete the reaction.  Figure 2-4E demonstrates a measurable effect of MDHAR, but 
the time courses for reduction are very slow (as expected from this AA concentration). 
 
 nsHb-driven NO scavenging; the effects of AA and MDHAR.  The effects of 
AA, MDHAR, and nsHb on NO scavenging in solution were tested using an NO-specific 
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electrode.  In each experiment, the test conditions were equilibrated to establish a stable 
baseline, and NO scavenging was initiated by the addition of 50 µM NO to the reaction 
cell.  NO is only intermediately stable, as it reacts with itself and other molecules in 
solution, especially oxygen, over period of several minutes [44, 45]. Time courses for NO 
removal are complex and do not obey simple linear or exponential decay patterns.  Thus, 
we have chosen the time it takes for 80% of the NO signal to decay (tNO, Table 2) as our 
objective measure for the purpose of comparing different experimental conditions.   
 To establish a baseline for NO decay time courses, Figure 2-5A demonstrates NO 
removal in buffered solutions with and without 3 mM AA or 3 mM DHA.  The time 
courses within the yellow circle are in hypoxic conditions (0.1 µM oxygen), while those 
outside the circle are equilibrated in air.  In the presence of buffer alone, NO removal is 
faster in air (tNO = 2.5 minutes, Table 2-2) due to reactions with oxygen in comparison to 
hypoxic conditions (tNO = 16 minutes).  AA has no effect in air, but actually slows 
hypoxic NO loss, whereas DHA speeds up NO removal under both conditions.  This 
latter observation is not surprising as it is established that DHA and MDHA scavenge NO 
[46, 47].  The slowing of NO loss in hypoxia is probably due to reduction of nitrite 
(formed from NO oxidation during the experiment) by AA, which has been characterized 
in many systems [48-50] and is discussed in more detail below.   
 The experiments in Figure 2-5B were designed to test the effects of 
MDHAR/NADH and AAOx on NO scavenging.  As described above, reactions with 
these enzymes were measured in air and under hypoxic conditions (in the yellow circle).  
These enzymes had few individual effects on NO scavenging.  Under hypoxic conditions, 
the important variable was the presence or absence of AA.  If AA is present under 
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hypoxic conditions, NO removal is slightly slower.  In air, AA has little effect, and only 
AAOx (in the presence of AA) had a clear effect on the time course for NO removal; it 
generated a scavenging time course resembling that for DHA (Figure 2-5A), which 
differs from the others by a slightly faster tNO, and also by the more-rapid removal of the 
final 20% of NO.  We suspect that this is due to production of MDHA by AAOx as 
supported by the data in Figure 2-4B, showing that addition of NO removed the EPR 
signal associated with MDHA.  There are also previous reports of direct scavenging of 
NO by MDHA [46, 51].   
 To test the effect of nsHb on NO scavenging in the conditions above, 5 µM ferric 
rice nsHb was included in reaction mixtures containing AA with and without 
MDHAR/NADH (Figure 2-5C).  The lower concentration of nsHb compared to NO 
requires continued nsHb reduction to achieve complete NO scavenging.  As a control for 
NO scavenging under these circumstances, time courses for scavenging by nsHb and 
ferredoxin reductase (Fdr)/NADH (a system characterized previously for rice nsHb [37, 
52]) were also measured (dashed lines).  The incorporation of rice nsHb into these 
various AA-containing conditions had little effect on tNO values (Table 2-2).  As was the 
case for the reactions in Figure 2-5B, the only parameter that generally affected NO 
removal was the hypoxic presence of AA (which slowed NO removal slightly).   
 The more subtle effects of NO scavenging in air are clearer in the expanded 
comparison of the aerobic reactions (Figure 2-5D).  Compared to AA alone, the addition 
of nsHb has no effect (thin black lines).  Addition of AAOx (which produces MDHA and 
DHA) or DHA slightly decreases tNO (red lines), and increase the speed of complete 
(100%) return to baseline compared to AA alone.  MDHAR actually increases tNO 
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slightly, probably because it prevents formation of MDHA/DHA, which are better NO 
scavengers than AA [46, 47].  The presence of nsHb along with MDHAR has no effect 
on scavenging.   
 
 Production of NO by AA and nitrite. The experiments above have tested the role 
of AA in mediating NO scavenging by nsHb.  But AA could have other roles in NO 
metabolism.  As nitrite concentrations rise, and pH drops, conditions inside hypoxic plant 
cells favor NO production by the direct reduction of nitrous acid by AA [21, 48].  Our 
final experiment investigating the role of AA in NO metabolism was designed to test 
whether such conditions could yield measurable NO concentrations in vitro.  Figure 2-6 
demonstrates results from reactions in which AA was added to solutions of nitrite 
buffered at pH values ranging from 6 to 7, under hypoxic conditions.  In each experiment 
(unless otherwise labeled), 10 mM nitrite solutions were equilibrated with the NO 
electrode at the desired pH, and then AA (to make the reaction 1 mM AA) was added (or 
not, as indicated) at time 0.  Nitrite alone produces no NO emission at these pH values 
(Figure 2-6A).  However, as pH is lowered to 6.75, measurable (~5 µM) NO is produced 
from the 10 mM nitrite samples over a thirty-minute period.  As pH is lowered to 6.5, 
6.25, and 6, NO emission increases accordingly to values approaching 50 µM over this 
time period.  NO is not detected at pH 7 from 10 mM nitrite, but when nitrite is increased 
to a very high (100 mM) concentration, NO is released rapidly, reaching a maximum near 
60 µM after 20 minutes (Figure 2-6B). 
 To test the role of nsHb under these conditions, 5 µM rice nsHb was included in 
the incubation mixture of separate reactions at pH 6 and pH 6.5.  The amount of NO 
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produced in these reactions (compared to the respective ones lacking nsHb) was 
decreased by about 5 µM, as would be expected by stoichiometric NO binding to the 
nsHb.  As nsHb concentration in cells is thought to be low (< 1 µM), direct binding of 
NO would have little effect on NO concentrations.   
 
Discussion 
 NO metabolism in plants has been linked to functions in signaling, toxicity during 
hypoxia, and even minor manipulations of the mechanisms of production and scavenging 
are believed to have potentially important affects on downstream biochemistry [20, 53].  
The results presented here are an important test of the hypothesis that the ascorbate cycle 
mediates nsHb scavenging of NO during hypoxia, and provides a plausible explanation 
for NO production during hypoxia based only on increased nitrite concentrations, 
lowered pH, and the presence of AA. The discussion below integrates our results into 
three subjects of current interest in plant physiology.  The first addresses interactions 
between AA and nsHbs in the context of NO scavenging; the second concerns 
interactions between AA and nitrite in hypoxic tissues, and the third the physiological 
role of nsHbs. 
 
 The role of AA and MDHAR in nsHb-mediated NO scavenging.  The 
AA/MDHAR hypothesis for NO scavenging states that nsHb uses the NOD reaction to 
scavenge NO (Figure 2-1B) [39]. The mechanism for the oxidative half of the reaction is 
not in question, as ferrous nsHbs readily bind oxygen [54], and oxy-nsHb rapidly reacts 
with NO to form nitrate [30]. The work presented here addresses the unique hypothesis 
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for the reductive half of the NOD reaction, which suggests that AA directly reduces nsHb, 
and that MHDAR facilitates this activity by reducing the product, MDHA, back to AA 
using the reduction power of NAD(P)H.  Our results suggest that AA could contribute to 
slow nsHb reduction, but they do not lend support to a contributing role for MDHAR. 
Nor do they suggest that AA stimulates NO scavenging by nsHbs under hypoxic or 
normoxic conditions.   
 Most of our experiments were carried out starting with a reduced ascorbate pool 
(in the form of AA rather than MDHA or DHA), which mimics hypoxic cells [11].  It is 
possible that MDHA would have a larger effect on nsHb reduction if the ascorbate pool 
were oxidized (such as upon re-aeration of hypoxic plant tissue), because it could shift 
the pool back toward AA, which has a higher rate of reduction of nsHb than DHA 
(Figure 2-2).  However, without an efficient reductase for nsHb, the direct reaction of NO 
with DHA would serve as a better NO scavenger than the nsHb/AA system.  Thus, our 
results do not support a role for NO scavenging by nsHb using a NOD-based mechanism.   
 
 Interactions between nitrite and AA; a potential source of NO in hypoxic plant 
cells. The sources of NO in plant cells are not entirely clear, and there are several 
hypothesized mechanisms of NO production [23, 53]: 1) reduction of nitrite by nitrate 
reductase; 2) a plasma-membrane bound nitrite:NO reductase; 3) hypoxic mitochondria; 
4) anaerobic xanthine oxidase; and 5) nsHb reduction of nitrite [55-57].  Only for 
reactions 1) and 5) have purified plant proteins been shown to produce NO in the 
laboratory.    
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 Nitrate reductase produces NO by acting on nitrite rather than nitrate [58, 59].  
This occurs when nitrite concentrations rise, such as when nitrite reductase is inhibited at 
lowered pH during hypoxia [58, 60, 61].  Ferrous nsHb produces NO by reducing nitrite 
under anaerobic conditions.  In vitro, the resulting NO binds tightly to the remaining 
ferrous nsHb and rapidly inhibits further nitrite reduction [55], but low levels of NO 
release have been measured from this system [56].   
 Production of NO in plants from the direct reaction of AA and nitrite has been 
considered [59], but was discounted because of the low levels of nitrous acid (with a pKa 
of 3.4) that would be present at neutral pH.  Our results affirm that NO production from 
AA and nitrite is directly proportional to nitrous acid concentrations.  Thus, at pH values 
of 7, 6.75, 6.5, 6.25, and 6.0, and a starting nitrite concentration of 10 mM, one would 
expect nitrous acid concentrations of 2, 4, 8, 14, and 25 µM, respectively; these values 
are close to those observed for each experiment (Figure 2-6). Therefore, assuming AA is 
not limiting, one can estimate NO production from the nitrite concentration and pH.  For 
example, at pH 6.5 and a nitrite concentration of 5 mM (as might be found in hypoxic 
plant roots), one would expect the production of 4 µM NO.  Thus, even though the pKa 
for nitrous acid is relatively low, the nitrite concentrations present in hypoxic roots are 
sufficient for the production of significant levels of NO, especially as the pH drops below 
7.  
 
 How do these results impact our hypothesis for nsHb function? The 
preponderance of data supports a function for nsHbs related to NO metabolism and 
hypoxia. The two clearest possibilities are NO scavenging using the NOD mechanism, 
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and NO production from nitrite. The direct chemical evidence in support of NOD 
function for nsHbs is not strong. These properties are not unique to nsHbs, are in fact 
common to most hemoglobins [37], and thus do not provide a stringent test for the 
potential of NOD as a specific physiological function. 
 Direct chemical evidence in support of NO production is stronger, as nsHbs are 
much better nitrite reductases than other hemoglobins [55, 56].  However, this story is 
incomplete, as it is not clear what happens to NO after it is produced.  Some options are 1) 
it simply binds the remaining ferrous nsHb and prevents further reaction, 2) NO is 
somehow released, contributing to the NO pool in the hypoxic cell, or 3) the NO is 
further reduced in a dissimilatory manner in support of hypoxic respiration.  Option 3) 
would result in net NO scavenging, as it proposes that whatever NO is produced by the 
nsHb is used in subsequent reactions.   
 A recent investigation of nsHbs demonstrated NO production and release by 
Arabidopsis leaves in wild type, nsHb knock-down, and nsHb over-expressing plant lines 
[24].  Only very low levels of NO was observed in an environment above 1% oxygen for 
any of the lines, but as oxygen levels were lowered below 1%, the knock-down line lost 
NO at elevated levels compared to the wild type and over-expressing lines.  The most NO 
was released under total anoxia (0% oxygen) in the knock-down line, but all lines 
released significant amounts of NO under that condition. These data are important 
because they reveal NO production and release on a large scale during hypoxia even for 
wild-type plants, and show that nsHbs are involved.  They were interpreted in support of 
NOD function by nsHbs because the nsHb knock-down line released the most NO during 
hypoxia and anoxia.   
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 If nsHb were simply using the NOD mechanism to scavenge NO, the anoxic 
conditions should have shown no difference between plant lines, as none would be 
capable of NO scavenging in the absence of oxygen. Alternatively, these data could be 
interpreted as nsHb removal of NO using a dissimilatory reductive mechanism in which 
electrons are shuttled to nitrite, NO, and potentially hydroxylamine, to make ammonia 
(this is one possibility for Option 3 above).  Dissimilatory reduction of NO could benefit 
the plant by consuming more respiratory and/or glycolytic electrons than would NO 
oxidation using NOD, and it would not require the consumption of oxygen, which could 
be put to better use in mitochondrial respiration.  In support of this hypothesis is the fact 
that ferrous nsHb is a very effective hydroxylamine reductase, which forms ammonia 
under anaerobic conditions [62].  However, for nsHbs to serve as dissimilatory reductases 
would require mechanisms for producing hydroxylamine and over-coming NO-inhibition 
of ferrous nsHb, as well as a mechanism for reduction of ferric nsHb.  Thus, further 
biochemical experiments with nsHbs and inorganic nitrogen species, and assays for 
hypoxic nitrogen utilization in plants lacking nsHbs will be critical for testing this 
hypothesis.   
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Tables 
Table 2-1. Cloning primers. 
 
Primer Name Sequence 
RCMD F 5’-ATGGCGTCGGAGAAGCACTTC-3’ 
RCMD R 5’-TCATATTTTGCTGGCGAACTGGAGG-3’ 
RCMD NheI F 5’ACAACAACACGCTAGCATGGCGTCGGAGAAGCACTTC-3’ 
RCMD HindIII R 5’ACAACAACACAAGCTTTCATATTTTGCTGGCGAACTGGAGG-3’ 
EcoRV Fdx F 5’-ACAACAACACGATATCATGGCTGATTGGGTAACAGGC 
AAAG-3’ 
BamHI Fdx R 5’ACAACAACACGGATCCGGAGCTCGAATTCTTACCAGTA 
ATGCTCC-3’ 
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Table 2-2. NO scavenging reactions. The time (in minutes) at which 80% of signal 
associated with 50 µM NO has been depleted (tNO) is listed at various reaction conditions.   
 
 
Reactions with Asc, DHA, MDHAR, and Asc Oxidase. 








Air 2.5 2.4 1.6 2.0 2.7 3.2 1.9  
Hypoxia 16 >30 4 19 >30 >30 >30  
 
Reactions involving nsHb1. 















Air 2.9 2.4 2.7 2.4 3.0 1.1   
Hypoxia 27 36 16 26 29 10   
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Figures and Legends 
 
Figure 2-1. Pertinent chemical reactions of AA, hemoglobin, and NO.  A) Ascorbic 
acid (AA) can lose an electron to become monodehydroascorbate (MDHA) radical, 
which can lose an electron to become dehydroascorbate (DHA).  B) The nitric oxide 
dioxygenase (NOD) reaction; oxy hemoglobins (Hb) will react with NO to make nitrate 
and ferric Hb.  If the ferric Hb is reduced (in this case by AA), it will bind oxygen (if 
present) to start the reaction again.  C) The AA/glutathione cycle in plants is associated 
with scavenging of peroxide, superoxide, and hydroxyl radical, and is hypothesized to 
reduce nsHbs in support of NOD. 
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Figure 2-2. nsHb reduction by AA, DHA, and MDHAR.  A) ferric rice nsHb (5 µM) 
was mixed with 3 mM AA in air-saturated buffer.  The absorbance changes in the visible 
and B) Soret regions are associated with nsHb reduction and oxygen binding.  C) Time 
courses for nsHb reduction by various concentrations of AA.  D) The rate constants for 
AA reduction of nsHb and Mb (5 µM) are plotted as a function of AA concentration, 
which have slopes equal to the bimolecular rate constants for reduction of nsHb. 
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Figure 2-3. EPR measurements of MDHA radical in solutions of AA (A), and 
produced from AA reduction of nsHb (B).  A) Freshly dissolved 3 mM AA solutions 
contain MDHA, which decays to a lower equilibrium level over several hours.  B) 
Addition of ferric nsHb to AA increases the EPR signal associated with MDHA. 
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Figure 2-4. The effect of MDHAR on AA reduction of nsHb.  A) Recombinant rice 
MDHAR was purified and quantified based on its flavin absorbance spectrum. B) The 
EPR signal associated with MDHA was used to demonstrate the activity of AAOx (which 
increases the MDHA signal in the presence of AA), and MDHAR (which decreases 
MDHA in the presence of NADH).  These data also show that NO reacts directly with 
MDHA.  C) MDHAR oxidizes NADH in the presence of MDHA (produced from AA 
and AAOx, as in (B)).  D) Time courses for nsHb reduction by AA in the absence and 
present of MDHAR and NADH are nearly identical.  E) When nsHb concentration is 
greater than AA, reduction is very slow, and slightly faster in the presence of MDHAR 
and NADH. 
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Figure 2-5. NO scavenging by AA, nsHb, and MDHAR.  A) NO scavenging by buffer, 
AA, and DHA are compared under aerobic and hypoxic (0.1 µM [O2], inside the yellow 
circle) conditions.  B) NO scavenging with MDHAR and AAOx under aerobic and 
hypoxic (inside the yellow circle) conditions.  The curves for NO alone are black, and the 
presence of AA (red), MDAHR and AA (blue), and AAOx (green) are indicated by color.  
A dashed line indicates the presence of NADH (0.2 mM) in that reaction condition.  C) 
NO scavenging by nsHb, with and without MDHAR are compared to that facilitated with 
reduction of nsHb by ferredoxin reductase (Fdr, green dashed line with filled circles, 
indicating Fdr and NADH are present along with nsHb). D) An expanded view of aerobic 
NO scavenging demonstrates the subtle effects of AA and DHA. 
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Figure 2-6. Production of NO from nitrite and AA. NO production from solutions of 
nitrite (10 mM unless otherwise indicated) were stimulated by addition of AA at pH 
values ranging from 6 to 7.  A) NO production is measurable at pH 6.75 and increases 
with decreasing pH.  When 5 µM nsHb is included (red traces) there is a decrease in the 
level NO proportional to the Hb concentration.  B) The amount of NO produced is 
directly related to nitrite concentration, as is evident from the high levels produced even 
at pH 7 when nitrite concentration is very high.   
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CHAPTER 3 
GROWTH PHENOTYPES OF E. COLI NITRITE REDCUTASE MUTANTS 
REVEAL A ROLE FOR NIR NITRIE ASSIMILATION DURING ANAEROBIC 
NITRATE RESPIRATION 
 
A research paper in preparation by 




 Nitrate assimilation is the limiting factor in plants growth and productivity. Under 
stressful conditions such as hypoxia and anoxia, often caused by flooding and 
waterlogged soil, nitrite and NO can accumulate to toxic levels [1, 2]. More importantly, 
ammonium production is correspondingly decreased. This limits the amount of nitrogen 
incorporation into the organics and lowers yield. However, there is evidence that plants 
can benefit from nitrate under hypoxic and anoxic conditions [3]. This is possibly 
mediated by plant nonsymbiotic hemoglobins (nsHbs), as supported by for two 
observations: 1) plant nsHbs are up-regulated by nitrite, nitrate and hypoxia [4]; 2) plant 
nsHbs are efficient nitrite and hydroxylamine reductases compared to other hemoglobins 
[5, 6]. However the biochemical mechanisms are still unclear. Understanding such 
                                                
1 Contributed in bench works. 
2 Contributed in experimental design. 
3 Contributed in writing. 
4 Contributed in editing and proof reading. 
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mechanisms are very important for us to improve plant nitrate assimilation under hypoxic 
and anoxic pressures.  
 Previous study has shown that the reaction between ferrous nsHb and nitrite 
progresses to 50% ferric nsHb and 50% NO-bound ferrous nsHb [6]. Once the ferrous 
nsHb binds to NO, nitrite reduction stops. So every time this reaction happens, 50% of 
nsHb is lost, which means there is no way in vitro that nsHbs alone can accomplish 
reduction of nitrite all the way to ammonium. However the fact that nsHbs can catalyze 
the nitrite to NO and hydroxylamine to ammonium reactions very efficiently [5, 6] 
suggests the nsHbs might able to mediate the nitrite to ammonium reaction in vivo 
through an alternative mechanism or with the help of additional cofactors(s). To find the 
possible cofactors(s), we need a model system to screen for plant nsHb-mediated nitrite 
reductase activity. E.coli is potentially a good model system for our case, because 1) it 
carries out the nitrite to ammonium reduction by two nitrite reductases, 2) both nitrite 
reductase knockouts are available from CGSC and 3) easy DNA transformation for the 
actual screen. But to make E.coli a real model system for us, we must first find the 
growth phenotypes of the two nitrite reductase mutants. 
 The efforts to unveil the nature of nitrite reduction systems in E.coli trace back to 
1950s. There were four lines followed by researchers. The first line started in 1956. 
Atkinson and McNall [7] reported an E. coli mutant strain Bn that can grow under 
aerobic condition with nitrate or nitrite as sole nitrogen source (glucose as carbon source), 
whose parental strain B cannot. They monitored nitrite disappearance during growth of 
Bn in nitrite medium, which suggests a nitrite reductase activity in this mutant. In 1961, 
Lazzarirn and Atkinson [8] purified a NADH-dependent nitrite reductase from E.coli Bn. 
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With 15N labeled nitrite, they showed that this nitrite reductase reduces nitrite directly to 
ammonia. They concluded that hydroxylamine was an intermediate because the enzyme 
also reduced hydroxylamine as a substrate. In the same enzyme preparation, they also 
found two other activities: a sulfite reductase and a cytochrome c reductase. These two 
activities later on became the second and third lines for E.coli nitrite reduction studies. 
Zarowny and Sanwal [9] also reported the NADH-dependent reductase activity from 
E.coli K12 in the same year. However they could not identify the product, except they 
know it is not ammonia but some gas products. So the enzyme in strain K12 is different 
from the one in Bn found by Lazzarini and Atkinson. In their discussion, for the first time, 
they hypothesized that E.coli anaerobic nitrite respiration and assimilation are mediated 
by two separated pathways. 
 The second line was presesnted by Kemp and Atkinson [10] in 1963. They 
characterized an NADPH-dependent nitrite reductase, which reduces nitrite to ammonia. 
However this enzyme was also found to be a NADPH-dependent sulfite reductase. The 
fact that cycteine is a repressor of this enzyme, and that it was absent in sulfite deficient 
strains, made them suggest that this enzyme works exclusively as sulfite reductase in vivo. 
This was also the end of the second line of research. The third line started also in 1963 
but by Fujita and Sato [11]. They purified the soluble cytochrome c552 from E.coli grown 
anaerobically in their nitrate respiration studies. Then they reported a series of 
comprehensive studies of this new cytochrome c552 in 1966 [12-15]. Cytochrome c552 was 
only detected in cells grown anaerobically with nitrate in semi-synthetic medium. It is 
soluble, reducible by NADH and NADPH and it has a very low reduction potential and 
high autoxidizability [12]. It is localized in the periplasm [14] and most importantly, it 
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efficiently reduces nitrite to ammonia at the expense of 3 NADH [13]. So at that time 
they thought cytochrome c552 was involved in NADH-dependent nitrite reduction. Up to 
then, the first three lines had all been started, the NADPH-dependent nitrite reductase line 
had already ended, the NADH-dependent and cytochrome c552 lines were thought to be 
the same pathway.  
  As the E.coli NADH-dependent nitrite reductase and cytochrome c552 kept 
drawing research attention, Cole, Ward and Coleman reported some related work in the 
late 1960s. They found that both NADH-dependent nitrite reductase activity and 
cytochrome c552 synthesis were not only completely inhibited by oxygen, but also is 
strongly inhibited by nitrate [16, 17]. Also they were able to separate cytochrome c552 
from E. coli lysate without affecting the NADH-dependent nitrite reductase activity [18], 
suggesting that there are two nitrite reductases in E. coli.  In 1973, Cole and Ward [19] 
found a nitrite reductase mutant, nirA, which simultaneously lost most of NADH-
dependent nitrite reductase activity and production of cytochrome c552. So again, they 
suggested cyt c522 was involved in NADH-dependent nitrite reduction. But they did not 
rule out the possibility that the nirA gene product was a super regulator of both. Later on, 
mutant strains nirR and fnr found by other groups also showed the same phenotype [20, 
21].  With more genetic work, nirA, nirR and fnr all seemed to be the same gene, which 
regulates nitrite reductase, nitrate reductase, fumarate reductase and cytochrome c552 
biosynthesis [22, 23]. 
 In the late 1970s, the fourth line of research was started by Abou-Jaoude et al. 
[24] when they reported the role of format in nitrite reduction. They found that 25% of 
the overall nitrite reduction (using glucose as electron donor) by unbroken E. coli cells is 
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contributed by formate as an electron donor.  The formate-dependent nitrite reductase is 
simultaneously induced with cytochrome c552 biosynthesis. And all formate-nitrite 
reductase mutants also lacked cytochrome c552 biosynthesis. So they proposed a link 
between the formate-nitrite reductase and cytochrome c552 [25].  
 Coleman and Cole continued to follow the NADH-dependent nitrite reductase line 
by purifying it from E.coli [26]. It was separated from cytochrome c552 with increased 
specific activity. So they concluded that cytochrome c552 is not an integral part of NADH-
dependent nitrite reductase. Three NADH molecules were used by one nitrite ion and 
they did not find any reaction intermediates between nitrite and ammonia. So the product 
was assumed to be ammonia.  In 1980, Cole [27] reported a nirB mutant that is lacked 
NADH-dependent nitrite reductase activity, but still synthesized cytochrome c552, 
suggesting they belong to two different pathways. However, Liu et al. co-purified a 
NADH oxidase when purifying cytochrome c552. They proved that a high nitrite reduction 
activity is shown from cytochrome c552 by using NADH as electron donor when the co-
purified NADH oxidase and FAD are also included. This again put the role of 
cytochrome c552 in NADH-dependent nitrite reduction to a question.  
 In 1982, breakthrough work was done by Pope and Cole [28] to clearly 
demonstrate two independent nitrite reduction pathways in E. coli. In this work, they 
generated E. coli mutants in which either formate-dependent nitrite reductase or NADH-
dependent nitrite reductase was independently non-functional. Only the formate 
dependent one could generate a membrane potential. Page and Cole [29] verified the two 
independent pathways in 1990. They started calling the formate-dependent nitrite 
reductase “Nrf”, and the NADH-dependent nitrite reductase “Nir”. Nrf is repressed but 
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Nir is induced by nitrate. So they proposed that the role of Nrf is to reduce nitrite for 
energy when the favorable electron acceptor is not available, and that the role of Nir is to 
detoxify the cytoplasmic nitrite generated by the respiratory nitrate reductase 
(contributing the majority (80%) of the total nitrite reduction activity anaerobically in 
rich medium supplied with glucose and nitrite). In early 1990s, genetics components of 
the nir and nrf operons were respectively identified [30, 31] and finally the cytochrome 
c552 was identified as the terminal reductase in the Nrf pathway encoded by the structural 
gene nrfA [32]. The structural gene of Nir pathway is nirB [30, 33]. Expression of both 
enzymes are strictly inhibited by oxygen.  
 Up to middle 1990s, genetic components and the biochemical nature of the two 
nitrite reductase pathways were clear. The main question was then what are their 
physiological roles. A lot of later studies tried to answer this question by looking at the 
genetic regulation of the two operons. They found that both operons are positively 
regulated by Fnr, which is only expressed under anaerobic conditions [30, 31]. The nir 
operon is activated by both nitrate and nitrite [34].  The nrf operon is also activated nitrite 
but is only activated by very low concentration (~1 mM), and is strongly inhibited by 
nitrate [35]. So it was proposed that the role of the Nrf pathway was to help E. coli 
survive nitrogen limited environments. To test this, a growth phenotype of the nrfA 
mutant in medium with nitrate or nitrite as a sole nitrogen source is essential. However, 
such work has never been reported. For the nirB mutant, there is also no reported growth 
phenotype. Further more, the Cole group always concluded that the role of Nir is 
dissimilatory nitrite detoxification [29, 30, 36, 37], in order to protect E.coli from nitrite 
in the cytoplasm produced by the nitrate reductase. All of such conclusions trace back to 
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one of their work in 1978 [38]. In that work, when E. coli was grown in synthetic 
medium with excess nitrite as sole nitrogen source, excess ammonium was produced and 
secreted into the medium. They also saw accumulation of acetate. Their logic was that 
since NADH was not used to reduce acetate to ethanol, it must have been used for nitrite 
reduction, and so the ammonium accumulation was attributed to NADH-dependent nitrite 
reductase activity.  But the real source of electron donor for nitrite reduction and 
ammonium production in those experiments has never been tested. So more work needs 
to be done to understand the physiological role of Nir.  
 The present work is to find the growth phenotypes of the two E. coli nitrite 
reductase mutants, nrfA and nirB, to test Nir’s function as a dissimilatory nitrite 
detoxifier, and to find out whether Nir has other roles during nitrate respiration.  
 
Materials and Methods 
 Strains and growth conditions. All three strains are purchased from E. coli 
Genetic Stock Center (CGSC) at Yale University. The source of these strains is the Keio 
Collection. The wild type strain is BW25113. Both nrfA (JW4031-1) and nirB (JW3328-
1) mutants are single knockouts of wild type created by replacing target gene with a 
kanamycin marker. So all three strains share the genetic background of BW25113, but 
wild type is kanamycin sensitive and the two mutants are kanamycin resistant. All 
minimal medium used for E.coli growths contained Evans base (contains no carbon or 
nitrogen), pH 7.0. Carbon sources (20 mM glucose or 0.5% v/v glycerol) and nitrogen 
sources (sodium nitrate, sodium nitrite and/or ammonium chloride) were added 
separately as needed. Evans base is revised from the Evans medium recipe from Dr. 
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Robert Poole by leaving out all the carbon and nitrogen sources. Evans base is composed 
of 40 mM K2HPO4, 10 mM NaH2PO4, 10 mM KCl, 1.25 mM MgCl2, 2 mM Na2SO4, 
0.38g/l nitrilotriacetic acid, 0.02 mM CaCl2, 5ml/l trace elements solution, 3 µg/l 
Na2SeO3.5H2O. The composition of trace elements solution is 8 ml/l HCl (37%), 0.412 
g/l ZnO, 5.4 g/l FeCl3.6H2O, 2g/l MnCl2.4H2O, 0.172g/l CuCl2.2H2O, 0.476 g/l 
CoCl2.6H2O, 0.064 g/l H3BO3, 0.004 mg/l Na2MoO4.2H2O. 30 ml anaerobic flask 
cultures were grown in 50 ml flasks on a 15-position stir plate in 37ºC warm room, 
purging with 95% N2 and 5% CO2 mixture gas. 30 ml aerobic flask cultures were grown 
in a regular 37ºC water bath shaker, with foam stoppers and no purging. All 4L batch 
culture experiments were done in a 14 L New Brunswick BioFlo fermenter. Temperature 
was 37ºC, pH was controlled at 7.0, and 95% N2 and 5% CO2 mixture gas was purged all 
time to keep culture anaerobic. For all anaerobic flask growth experiment, starter cultures 
of wild type (except in complementation experiment) and nrfA mutant were conditioned 
as follow: 1) 5 ml LB cultures were prepared over night; 2) cells were washed and 
resuspended in Evans base to inoculate Evans medium with 20 mM glucose and 20 mM 
sodium nitrate; 3) after culturing for 24 hours, cultures were used to re-inoculate the same 
glucose/nitrate medium; 4) after another 24 hours, cultures (conditioned) were used to 
inoculate experimental growths. Starter cultures for nirB cells and all fermenters were 
grown in LB over night then washed and resuspended in Evans base before inoculation 
(non-conditioned).  
  
 Nitrite quantification. After cell cultures were sampled, cells were separated from 
the medium by centrifugation. Media Nitrite concentration were quantified by the Griess 
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assay. The protocol followed was the “Griess Reagent System Technical Bulletin” from 
Promega.  Reagents used were 10 g/l sulfinalmide (in 5% v/v phosphoric acid) and 1 g/l 
NED.  
  
 NMR. 15N labeled chemicals, Na15NO3 and Na5NO2 were purchased from Sigma, 
and 15NH4Cl was from Cambridge Isotopes. After cell cultures were sampled, media was 
separated from cells by centrifugation (and filtering when large volumes were needed). 
Clean media (with 10% v/v D2O) was used for 1D 15N NMR with a Bruker Avance III 
600 Spectrometer. For 1D 15N NMR samples from 30 ml flask cultures, media was not 
concentrated; for those from batch culture experiments, media was concentrated 200 
times by lyophilization. Cell pellets were lysed by lysozyme and DNAse in 50 mM 
citrate buffer (pH 2.0). 10% v/v D2O was added to lysis supernatants and used for 15N-
HMQC experiments with a Bruker Avance 700 Spectrometer. For 30 ml flask cultures, 
cells combined from three flasks (90 ml) were used to prepare 1 ml 15N-HMQC samples. 
For batch culture experiments, cells from 200 ml cultures were used for 1 ml 15N-HMQC 
samples.  
 
 Cloning.  Colony PCR using wild type E.coli (BW25113) as template was used to 
amplify the nir operon region (-406 to -1 up stream of nirB gene) and nirB gene. Primers 
used for the nir operon were pnir_F and pnir_R, and for the nirB gene were nirB_F and 
nirB_R. Using the colony PCR product as template, a second PCR with restriction site 
containing primers was done for both DNA fragments. Primers used in the second PCR 
for nir operon were EcoRI_pnir_F and NdeI_pnir_R, for nirB gene were NdeI_nirB_F 
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and HindIII_nirB_R. All primer sequences are shown in Table 3-2. Platinum® Pfx DNA 
Polymerase (catalog number: 11708-039) from Life Technologies was used for all PCR 
reactions. FastDigest restriction enzymes, EcoRI, NdeI and HindIII were purchased from 
Thermo Scientific. Rapid DNA Ligation Kit (#K1422) was purchased from Thermo 
Scientific for DNA ligation. Both plasmids generated by cloning, pNXW and pNXW-
nirB, were verified by DNA sequencing in DNA Facility of Iowa State University.  
 
Results 
 Growth phenotype of E.coli nrfA knockout strain (nrfA). Previous studies on the 
E. coli Nrf pathway provided knowledge about genetic components and regulation of the 
nrf operon [34, 35], expression and biochemical functions of Nrf proteins [16, 17, 31], 
and structure of the functional Nrf nitrite reductase, NrfA [39].  These earlier studies 
suggest that cells lacking Nrf should be deficient of anaerobic nitrite respiration.  
However, there is still lack of a growth phenotype when the functional gene nrfA is 
knocked out.   
 The first effort to look for a nrfA growth phenotype was done in 50 ml flasks 
filled with 30 ml medium, continuously purged with 95% N2 and 5% CO2 to create 
anaerobic conditions. Figure 3-1 shows the cell growth density after 24 hours of 
culturing. 20 mM glucose (Glu) was used as sole carbon source for all conditions. Neither 
wild type (wt) nor nrfA mutant was able to grow under the condition “Glu”, which is a 
negative control that only has glucose as carbon but not any nitrogen sources. However, 
with either 20 mM sodium nitrate  (Glu+Nitrate) or 5 mM sodium nitrite (Glu+Nitrite), 
both wt and nrfA mutant grew to similar extents. The “Glu+Nitrate” experiment was then 
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repeated under aerobic conditions (Glu+Nitrate (air)), and the results were negative to 
both wt and nrfA mutant, confirming our anaerobic growth system was working. So these 
data show no nitrate or nitrite utilization deficient phenotype for the nrfA mutant.  
 Similar growth experiments were done by switching glucose to glycerol, a non- 
fermentable carbon source, aiming to induce the dissimilatory Nrf in wild type, so that it 
benefits more from nitrate or nitrite than the nrfA mutant (Table 3-1). Neither strain was 
able to grow in glycerol plus ammonium (Trial 9), confirming glycerol is not fermentable 
under our experiment conditions. Both strains can grow with co-appearance of 
ammonium and nitrate (Trial 10) but not with ammonium and nitrite (Trail 11), meaning 
they can both utilize nitrate as an electron accepter for respiration but not nitrite. Also, 
the two strains were able to grow with nitrate or nitrite as a single nitrogen source 
together with glucose (Trial 3 and 5) but not with glycerol (Trail 7 and 8). These data 
suggest that both wild type and nrfA mutant 1) can reduce nitrate and nitrite to 
ammonium for assimilatory purpose; 2) can reduce nitrate to nitrite for dissimilatory 
purpose; 3) cannot reduce nitrite for dissimilatory purpose. The hypothesis based on these 
data is that Nrf was not induced in wild type cells under those growth conditions in 
Figure 3-1 and Table 3-1. 
 To see if wild type and the nrfA mutant grow differently in the middle of the 24-
hour growth, growth curves were collected in medium with 20 mM glucose and 20 mM 
sodium nitrate (20 mM ammonium chloride was used instead as positive control, Figure 
3-2). Black curves represent time courses for cell density. After sampling for OD 
measurements, media was separated for nitrite measurement. Red curves represent 
corresponding nitrite concentration time courses. However, not only the wild type (black 
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circle) was growing the same extent as the nrfA mutant (black bowtie), they also shared 
nitrite accumulation time courses and total final nitrite concentration (~18 mM) in the 
medium (red circle and red bowtie). Since 18 mM nitrate was converted to nitrite, less 
than 2 mM nitrate must have been reduced to ammonium for assimilation. But there is 
still no evidence of nitrite dissimilation by wild type cells. To find an nrfA deficient 
phenotype, the key is to find a condition under which the Nrf is actively induced so that 
the wild type can benefit from it. 
 Expression of Nrf was reported to be sensitive to nitrate concentration [35]. To 
find the nitrate condition at which wild type benefits from Nrf expression, we tested the 
growth of wild type and nrfA mutant in a gradient of nitrate concentrations. Results are 
shown in Figure 3-3. Medium used in these experiments were 20 mM glucose plus 0.5, 1, 
5, 10, 20, 300 or 500 mM sodium nitrate. Main graph shows data from 0.5 to 20 mM 
nitrate, sub graph shows data for 300 and 500 mM nitrate. Cell densities after 24 hours 
culturing are in black, medium nitrite concentrations in the same cell density samples are 
in red. Circles represent wild type and triangles represent nrfA mutant. The most 
interesting data were at 10 mM nitrate. With 10 mM nitrate, wild type grew to an OD of 
1.1 and used up all the nitrite converted from nitrate, while the nrfA mutant only grew to 
0.6 and had left over ~ 4 mM nitrite in the medium. This suggests that the wild type can 
benefit from dissimilating the 4 mM nitrite through Nrf but the nrfA mutant cannot. This 
is our first nrfA mutant phenotype.  
 To find a clear growth phenotype for the nrfA mutant, we did a sequential batch 
culture experiment in which cells were grown in three stages with three different media at 
each stage (Figure 3-4). In the fermenter, pH was controlled at 7.0, culturing temperature 
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was 37ºC, agitation was at 400 rpm, mixture gas of 95% N2 + 5% CO2 was purged during 
whole experiment (to create a anaerobic environment). In Figure 3-4, black curves 
represent time courses of cell density and red curves represent time courses of nitrite 
concentration in the growth medium. Wild type (black and red circle) is shown on the top 
and nrfA mutant (black and red triangle) is shown on the bottom of the main graph. Sub 
graphs are spectra of whole cell samples without (dash line) and with (solid line) 
dithionite, taken by an OLIS CLARiTY spectrometer. At Stage 1 with 20 mM glucose 
and 5 mM sodium nitrate, both wild type and nrfA mutant showed a growth lag phase of 
30 hours, during which nitrite concentration in medium slowly built up to ~ 5 mM. Then 
there was a log phase of 6 hours, after which both strains reached to an OD of ~ 1.0, and 
medium nitrite concentrations came back to 0. Although the two strains were similar in 
both growth and nitrite time courses at Stage 1, wild type did show a spectrum of 
cytochrome c552 coded by the nrfA gene (Figure 3-4a), represented by an absorbance peak 
at 552 nm after reduced by dithionite [19], while the nrfA mutant did not (Figure 3-4d). 
At 36 hours, the culture from Stage 1 was drained. Stage 2 was started by refilling 
medium with glycerol and 5 mM sodium nitrate. The purpose of this stage was to induce 
Nrf by switching to a non-fermentable carbon source. At Stage 2, wild type showed a 30-
hour lag phase (38 to 68 hour), during which nitrite was building up in the medium to ~ 5 
mM. Then the cells started a log phase of 18 hours (68 to 86 hour), used up the nitrite and 
stopped growing (86 to 92 hour). The nrfA mutant, on the other hand, did not show any 
obvious lag or log phases. Instead of waiting until all nitrate became nitrite, nrfA mutant 
took off growing right at the beginning of the stage, and reached to stationary after 30 
hours (38 to 68 hour). Also, the medium nitrite maximum of nrfA mutant showed up 18 
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hours earlier (at 44 hour) than the wild type (at 62 hour). Again, wild type showed a 
cytochrome c552 spectrum (Figure 3-4b) but the nrfA mutant did not (Figure 3-4e). Stage 
2 culture was drained at 92 hour and the fermenter was filled with minimal medium 
containing 0.5% v/v glycerol but no nitrogen source (finished at 93 hour). Cells with the 
no nitrogen medium were incubated for an hour (93 to 94 hour) to get rid of any left over 
nitrogen from previous stage. At 94 hour, 0.2 mM sodium nitrite was fed into the 
fermenter to start Stage 3. The nitrite feeding amount and frequency was determined by 
the utilization speed of the wild type cells. The nitrite feeds were: 0.2 mM at 100.1, 
104.1, 108.1 and 110.1 hour, 0.4 mM at 112.1 and 115.1 hour, 0.8 mM at 117.1, 121.1, 
123.1, 125.1, 126.6, 127.6 and 128.6 hour, 1 mM at 129.6, 130.6, 131.6, 132.6 and 133.6 
hour (15N labeled sodium nitrite), 10 mM (actual value for wild type is 9.98 mM, for nrfA 
mutant is 12.11 mM) at 134.6 hour. The fed nitrite concentration before 133.6 hour was 
estimated by volume of 1M sodium nitrite stock added and total fermenter volume 
(assuming volume changes due to small sample withdraws were negligible). After 15N 
labeled nitrite was fed at 133.6, large volume (100-200 ml) samples were taken, hence it 
was not accurate to estimate the nitrite concentration. So right after the “10 mM” feed at 
134.6 hour, a sample was taken to assay for nitrite concentration. This is why the “10 
mM” feed gave wild type and nrfA mutant difference nitrite concentration increases. By 
feeding nitrite, the wild type cells were able to utilize nitrite faster and faster, and the cell 
OD increased correspondingly to 1.6. The nrfA mutant, however, did not grow at all and 
all the fed nitrite was accumulated in the medium. This is a very clear growth deficient 
phenotype for the nrfA mutant. Also the spectrum of wild type cells (Figure 3-4c) showed 
5 to 10 fold as much cytochrome c552 expression in Stage 3 as in the first two stages. 
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Right after (at 133.6 hour) and 1 hour after (at 134.5 hour) 1 mM 15N labeled nitrite was 
added, samples were taken and the medium portions were used for 1D 15N-NMR. The 
results clearly show that within an hour, all labeled nitrite (610 ppm) was reduced to 
ammonium (21 ppm) and secreted back to the medium by wild type (Figure 3-5A and B), 
but not by nrfA mutant (Figure 3-5C and D). This confirms the dissimilatory nitrite 
reduction activity of Nrf in the wild type, and defines the growth conditions necessary to 
observe the phenotype.   
 
 Growth phenotype of E .coli nirB knockout strain (nirB). The nirB mutant is a 
single knock out of the nirB gene in the nir operon, which codes for the big subunit of 
NADH-dependent nitrite reductase [30]. It has a very clear growth deficient phenotype in 
minimal medium with glucose plus nitrate or nitrite. In Figure 3-1, under both conditions 
“Glu+Nitrate” and “Glu+Nitrite”, the nirB mutant did not grow. Only when ammonium 
is added to the medium (Figure 3-1 “Glu+Ammonium”, Figure 3-6 Stage 1) or when Nrf 
is induced (Figure 3-6 Stage 2) will the nirB mutant grow. In the growth curve 
experiment, there was also no growth of nirB mutant in glucose and nitrate (Figure 3-2 
black diamond), and no nitrite was converted from nitrate (Figure 3-2 red diamond).  
 
 Can Nrf replace Nir?  Under conditions when Nir is not available, could E. coli 
utilize the ammonium produced by Nrf for nitrogen assimilation? To answer this 
question, we did a sequential batch culture experiment with the nirB mutant (Figure 3-6). 
Cell density time courses are in black and media nitrite time course are in red. Sub graph 
a) and b) are whole-cell spectra taken by OLIS CLARiTY spectrometer for samples from 
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the end of the two stages. Since this mutant cannot grow in glucose plus nitrate (this 
phenotype will be described in detail later), which was used in Stage 1 of wild type and 
nrfA mutant sequential batch cultures, 0.5% v/v glycerol plus 5 mM sodium nitrate and 2 
mM ammonium chloride was used instead (Figre 3-6, Stage 1). The purpose was to give 
the nirB mutant readily available ammonium for assimilation to cover its deficiency, so it 
can grow and induce Nrf.  
 As expected, the nirB mutant was able to grow in Stage 1 (to OD 0.5), converted 
all 5 mM nitrate to nitrite then utilized all the nitrite within 24 hours. Also, whole cell 
samples from Stage 1 did show cytochrome c552 expression (Figure 3-6a). At 24 hours, 
the Stage 1 culture was drained and the fermenter was refilled with media containing 
0.5% v/v glycerol but no nitrogen. Cells were cultured in such medium for an hour (from 
25 to 26 hour) to eliminate possible nitrogen sources from Stage 1. At 26 hours, the 
fermenter was fed with 0.2 mM sodium nitrite to start Stage 2. The same nitrite feeding 
strategy was used as in Stage 3 of the wild type and nrfA mutant sequential batch culture 
growths. The nitrite feedings were: 0.2 mM at 26 and 30.1 hour, 0.4 mM at 32.1, 36.1 
and 40.1 hour, 0.8 mM at 42.1 and 46.1 hour, 1 mM at 48.1, 52.1, 54.1, 56.1, 57.1, 58.6, 
59.6, 60.6, 61.6, 62.6 and 63.6 (15N labeled) hour, 10 mM at 64.6 hour (actual value is 
10.61 mM, see explanation in wild type and nrfA mutant sequential batch cultures 
paragraph). In this stage, the nirB mutant was utilizing the nitrite to grow, similarly to the 
wild type (Figure 3-4 Stage 3), and there was cytochrome c552 expression (Figure 3-6b). 
To track the destiny of nitrite, 1 mM 15N labeled sodium nitrite was fed to the fermenter 
at 63.6 hour. Right after (at 63.6 hour), about an hour after (at 64.5 hour) and 11.5 hours 
after (at 75 hour) addition of labeled nitrite, culture samples were collected. The cell-free 
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media from these samples was used in 1D 15N-NMR experiments for inorganic nitrogen 
detection, and the cell lysis supernatants were used in 15N-HMQC experiments for 
organic nitrogen detection. These NMR results are shown in Figure 3-7. Right after 
adding labeled nitrite, it showed up in the medium (610 ppm, Figure 3-7A), and no 
labeled organic nitrogen was in the cell (Figure 3-7D). An hour later, all labeled nitrite 
was reduced to ammonium (21 ppm, Figure 3-7B), but still there was no labeled organic 
nitrogen was in the cell (Figure 3-7E). About 10 hours later, the amount of labeled 
ammonium in the medium reduced (Figure 3-7C), and labeled organic nitrogen appeared 
in cells (Figure 3-7F). These NMR data show that the ammonium produced by Nrf was 
first secreted to medium and then taken back up by the nirB cells for assimilation. So Nrf 
as a dissimilatory nitrite reductase can also play a role in nitrite assimilation if Nir is not 
available.  
 
 Evidence of that Nir is not a dissimilatory nitrite reductase. E.coli Nir was 
reported to be a dissimilatory nitrite reductase [38], with its proposed role being to 
detoxify the cytoplasmic nitrite generated by the dissimilatory nitrate reductase (NR) [36, 
37, 40]. If this is true, when wild type E.coli is grown anaerobically with excess nitrate as 
the sole nitrogen source (that is, Nrf is not expressed [35]), we would expect to see 
ammonium accumulation in the medium due to the dissimilatory detoxification function 
of Nir.  However, our data in Figure 3-8 demonstrate otherwise.  In Figure 3-8, A) and C) 
are 1D 15N-NMR controls with fresh medium composed of minimal medium base plus 20 
and 300 mM 15N labeled sodium nitrate respectively. In these controls, we only see 
labeled nitrate with a chemical shift of 376 ppm. 24-hour wild type anaerobic flask 
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cultures with labeled nitrate (no non-labeled nitrogen was added) were harvested and 
medium portions were used for 15N-NMR experiments. Figure 3-8B shows results from 
wild type growths in glucose plus 20 mM (low) labeled nitrate. In this case, all nitrate 
was converted to nitrite (610 ppm), and no ammonium (21 ppm) appeared in the medium 
as expected (because nitrate was not in excess and there was no need to detoxify).  The 
same experiment was done in 300 mM labeled nitrate (Figure 3-8D). This time we see 
excess nitrate, similar amounts of nitrite (as in 20 mM nitrate experiment), but still no 
ammonium accumulation in the medium. Then we switched from glucose to glycerol plus 
300 mM nitrate (Figure3-8E), to force the cells to dissimilate nitrate and produce more 
nitrite for the cells to detoxify. However, we still did not see any ammonium in the 
medium. These data suggest that E.coli Nir is not a dissimilatory nitrite detoxifier. 
 
 Role of Nir during E.coli nitrate respiration. It has been suggested that E. coli 
has no need to reduce nitrate for assimilatory purposes, as it would always has access to 
ammonium and organic nitrogen compounds in the gut. If so, and Nir does not detoxify 
nitrite or contribute directly to nitrite respiration, what is its role? This question led us to 
hypothesize that Nir might be responsible for nitrogen assimilation during nitrate and 
nitrite respiration.  If this was the case, wild type cells would have a competitive 
advantage over nirB cells during growth on nitrate in the presence of ammonium.   
 To test this hypothesis, a competition sequential batch culture experiment was 
used to see if wild type has any anaerobic growth advantage over the nirB mutant when 
nitrate is in the medium (Figure 3-9). Similar amount of wild type and nirB starter 
cultures were washed with minimal medium and mixed together as an inoculant for the 
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fermenter. Six 16-hour cycles were carried out. After each cycle, cultures were sampled, 
drained and refilled to start the next one. Medium in all cycles had 20 mM glucose as sole 
carbon source. In the first three cycles (Cycles 1 to 3), only 2 mM ammonium was used 
as the source of nitrogen. In the last three cycles (Cycles 4 to 6), both 2 mM ammonium 
and 20 mM nitrate were added. Cell samples taken at the end of each cycle were plated 
on LB agar plates with no antibiotics. These plates were used as master plates to replica 
plate on LB plates with (kanamycin) and without antibiotics. The number of colonies was 
counted on both types of plates, with the difference between the two representing wild 
type census (kanamycin sensitive, KanS) and the number of colonies on kanamycin plates 
reporting the nirB mutant population (kanamycin resistant, KanR). Figure 3-9 shows the 
colony number ratios of wild type to nirB mutant. When there is no nitrate in the medium 
in Cycle 1, 2 and 3, the ratios of wild type to nirB mutant are about 1:1, which are close 
to the inoculant. But when nitrate is added to the medium, the ratios wild type to nirB 
mutant increased to 5 in Cycle 4 and Cycle 5, then increased to larger than 6 in Cycle 6. 
These data show that wild type cells have a growth advantage in nitrate medium because 
of Nir.  
 
 Complementation of the nirB mutant. To complement nirB mutant, a parental 
plasmid pNXW (Figure 3-10), was first assembled by replacing the hmp promoter 
(between EcoRI and NdeI) in pANX plasmid to the nir promoter located at -406 to -1 
base pairs up stream of the nirB gene [30] in wild type. Then the nirB gene from wild 
type was sub-cloned in this parental plasmid between NdeI and HindIII sites, resulting 
plasmid pNXW-nirB. pNXW (negative control) and pNXW-nirB were transformed into 
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nirB mutant respectively to test for complementation in medium with 20 mM glucose and 
5 mM sodium nitrate. After grown in such medium for 24 hours, OD at 600 nm was 
taken and plotted as Figure 3-11. As shown in this figure, wild type (wt) was able to grow 
as a positive control. The nirB mutant itself and when transformed with pNXW plasmid, 
as negative controls, were not able to grow. When pNXW-nirB was transformed into the 
nirB mutant, the growth was recovered, representing a successful complementation.  
 
Discussion 
 Phenotypes of nrfA and nirB mutants. In the present study, we have found 
growth phenotypes for both nrfA and nirB mutants. The nrfA mutant grows similarly to 
wild type in glucose plus nitrate media, while the nirB mutant was unable to grow at all 
in the same medium (Figure 1 and 2). The reason why the nrfA mutant was growing in 
glucose and nitrate is because it can potentially ferment glucose and respire on the 
conversion of nitrate to nitrite to make ATP, and there was no need for nitrite respiration 
under these conditions. To find the phenotype for the nrfA mutant, we had to remove the 
option for fermentation by using glycerol as the carbon source, and force nitrite 
respiration by providing on this source of nitrogen. In the sequential batch culture 
experiment for the nrfA mutant (Figure 3-4), we were able to achieve this goal in three 
stages.  These data indicate that Nrf only works under continuously low nitrite 
conditions. Even though it was very difficult to find this clear nrfA mutant phenotype and 
no such phenotype has been demonstrated in the literature, it is consistent with previous 
studies that E. coli nrfA only expresses under anaerobic conditions [11, 12, 30, 31] and it 
is only induced by low nitrite concentration (~1 mM) [35]. The nirB mutant’s no-growth 
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phenotype in glucose and nitrate demonstrates that Nir is essential for assimilation of 
nitrite (produced by nitrate reductase) for cell growth when there is no available 
ammonium. This is also expected from previous work by Cole et al. [26, 41].  
 
 Can Nrf replace Nir for nitrite assimilation? E. coli Nrf can respire on nitrite and 
produce ammonium which can be used for assimilatory purposes. Thus, Nrf can serve 
both dissimilatory and assimilatory roles. When Nrf was induced under continuously low 
nitrite conditions, the cells were able to re-uptake the ammonium secreted after Nrf nitrite 
reduction and then assimilate, as demonstrated by 1D 15N-NMR and 15N-HMQC 
experiments (Figure 3-7).  But since we know that it is located in the periplasm [14] and 
it produces ammonium as a final product [12], none of these data are too surprising.  
 
 Is E.coli Nir a dissimilatory nitrite detoxifier? If so, one would expect 
ammonium accumulation in the medium when wild type cells are grown in glucose and 
nitrate, a condition at which we know that Nrf is not active (and not producing 
ammonium). But our data show that there is no ammonium accumulation in the medium 
in growth on low (20 mM) or high (300 mM) nitrate concentrations (Figure 3-8). So Nir’s 
role is not for dissimilatory nitrite detoxification. This results contrasts with conclusions 
of previous studies. All literatures in which the dissimilatory detoxification role of Nir is 
mentioned can be traced back to Cole’s work in 1978 [38]. He found that when E. coli 
was grown with nitrite as the sole nitrogen source, most of nitrite was reduced to 
ammonium and accumulated in the medium. Meanwhile, because acetate also 
accumulated instead of ethanol, he concluded that the NADH which would have been 
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consumed in ethanol fermentation must have been used for nitrite reduction by the 
NADH-dependent nitrite reductase or Nir. However, none of these conclusions have been 
tested by experiments. According to our results, when nitrite is used as the sole nitrogen 
source, the ammonium accumulated in the medium is made by Nrf but not Nir. As a 
matter of fact, the nrfA mutant, which only has Nir, cannot even grow in medium with 
glycerol and nitrite (Figure 3-4 Stage 3). This means Nir cannot use nitrite for respiration 
or dissimilation, otherwise it would grow under such conditions. On the other hand, the 
nirB mutant, which only has Nrf, can grow in glycerol and nitrite (Figure 3-6 Stage 2), 
and more importantly accumulate ammonium in the medium (Figure 3-7). So the 
ammonium accumulation Cole had seen in 1978 is due to the Nrf but not Nir, and thus we 
conclude that Nir is not a dissimilatory nitrite detoxifier.   
 
 What is E.coli Nir’s role during nitrate respiration? To answer this question, 
we first tried to find out whether Nir plays any role during nitrate respiration. In a 
competition sequential batch culture experiment (Figure 3-9), we found that when nitrate 
is supplied in the medium, wild type cells have a growth advantage over nirB mutant 
cells. This suggests that Nir does play some role in nitrate respiration. We hypothesize 
that Nir functions to assimilate the nitrite generated from nitrate respiration. To test this 
hypothesis, we need evidence of organic nitrogen incorporation through Nir with the 
same growth condition as in the competition sequential batch culture, which is glucose 
plus nitrate and ammonium. In other words, if our hypothesis is right, we will expect to 
see the nitrite converted from nitrate being assimilated by Nir and incorporated into 
organics, even when ammonium is supplied.  
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 The nirB mutant is a good candidate screen for plant hemoglobin cofactors in 
nitrite reduction. We found a clear growth phenotype of the nirB mutant and successfully 
complemented the phenotype by transforming a plasmid containing wild type nirB gene 
(pNXW-nirB). This makes the nirB mutant a very good candidate to screen against some 
plant root cDNA libraries for plant hemoglobin cofactors in nitrite reduction. With a 
positive complementation by nirB gene, the nirB mutant is ready to test nitrite reductase 
activities of other gene of interests in vivo, such as rice nsHb1, spinach nir (nitrite 
reductase gene) and so on.  
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Tables 
Table 3-1. E.coli growth trails. 
Trial Carbon/Energy Nitrogen 
E.coli Strain 
Growth 
 Glucose Glycerol Ammonium Nitrate Nitrite wt nrfA nirB 
1 +     - - - 
2 +  +   + + + 
3 +   +  + + - 
4* +   +  - - - 
5 +    + + + - 
6  +    - - - 
7  +  +  - - - 
8  +   + - - - 
9  + +   - - - 
10  + + +  + + + 
11  + +  + - - - 
* indicates trials at aerobic conditions; all other trails are under anaerobic conditions. 
Concentrations: glucose 20 mM, glycerol 5% v/v, ammonium chloride 20 mM, sodium 
nitrate 20 mM, sodium nitrite 5 mM. “wt” is short for “wild type”. 
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Figures and Legends 
 
 
Figure 3-1. Growth of E.coli strains in glucose minimal medium with different 
nitrogen sources. Conditioned wild type (wt) and nrfA mutant strains were used as 
inoculants, while nirB mutant inoculants were non-conditioned since it is not able to 
grow in medium with glucose and nitrate. All medium conditions contained 20 mM 
glucose as the sole carbon source, plus 20 mM sodium nitrate, 5 mM sodium nitrite, or 20 
mM ammonium chloride as the sole nitrogen source. The condition Glu (short for 
“glucose”) is a negative control without any nitrogen sources. All experiments were done 
anaerobically except for condition “Glu+Nitrate (air)” was done aerobically. Final OD 
readings at 600 nm were taken 24 hours after inoculation. 
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Figure 3-2. Growth curves with nitrate or ammonium as sole nitrogen source. Both 
wild type (wt) and nrfA mutant strain were conditioned; nirB mutant strain was non-
conditioned. Medium conditions used were Evans medium base with 20 mM glucose plus 
20 mM sodium nitrate (GN) or plus 20 mM ammonium chloride (GA). All growth curves 
(curves in black) were done anaerobically with 24 hours duration and 4 hours sampling 
intervals. Cell samples were centrifuged and medium supernatants were used for 
quantifying nitrite concentration by Griess assay (curves in red). Legends are shown on 
the graph. 
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Figure 3-3. Growth of wild type (wt) and nrfA mutant strain with gradient of nitrate 
concentrations. Both wt and nrfA mutant strain were conditioned. 20 mM glucose was 
used as the sole carbon source in all conditions. The gradient of sodium nitrate 
concentrations was 0.5, 1, 5, 10, 20, 300 and 500 mM. Cells were cultured for 24 hours 
anaerobically, after which OD at 600 nm and nitrite concentration in medium were 
measured. Data from 0.5 mM to 20 mM nitrate are shown as main graph, while 20 to 500 
mM are shown in sub graph. Legends are shown on the graph. 
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Figure 3-5. 1D 15N-NMR for wild type (wt) and nrfA mutant sequential batch 
culture (Figure 3-4). See Figure 3-4 caption for sampling strategy and see Materials and 
Methods for sample preparation. Legends are shown on the graph. Chemical shift of   NO2  – 15  was 610 ppm and that of   NH4  + 15 was 21 ppm. 





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































 78  
 
Figure 3-9. Competition between wild type (wt) and nirB mutant strains in 
sequential batch culture. Similar amount of wt and nirB mutant cells were first 
inoculated (labeled as “Inoculant”) in 4 L of fresh medium to start Cycle 1. After 
culturing for 16 hours, the Cycle 1 culture was sampled, drained to minimum amount, 
refilled with fresh medium to start Cycle 2 and so on. First three cycles (Cycle 1 to 3) 
used medium with 20 mM glucose and 2 mM ammonium chloride. Last three cycles 
(Cycle 4 to 6) used same medium plus 20 mM sodium nitrate. Inoculant and samples 
after each cycle was diluted 50,000 times (same for inoculant) and plated on LB (no 
antibiotic) plates (this step happened right after sampling). These LB plates were then 
used as master plates for replica plating on LB (no antibiotic) and LB (kanamycin) plates. 
wt is kanamycin sensitive (KanS), represented by number of colonies on replica plates 
with no antibiotic minus that with kanamycin. nirB mutant is kanamycin resistant (KanR), 
represented by number of colonies on kanamycin replica plates. Data shown in the graph 
is the ratio of wt to nirB colonies. 
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Figure 3-10. Cloning diagram for complementation of nirB mutant. The nir operon 
promoter region from wild type, located at -406 to -1 base pairs up stream of nirB gene, 
was sub-cloned into pANX plasmid to replace the hmp promoter between EcoRI and 
NdeI restriction sites. The result plasmid was named pNXW. Then the nirB gene from 
wild type was sub-cloned into the pNXW plasmid between NdeI and HindIII sites, 
resulting plasmid pNXW-nirB. 
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Figure 3-11. Complementation of nirB mutant. Wild type (wt), nirB mutant, nirB 
mutant transformed with pNXW empty plasmid (nirB + pNXW), nirB mutant 
transformed with pNXW plasmid carrying the nirB gene (nirB + pNXW-nirB) were 
cultured anaerobically in 30 ml flasks for 24 hours. Medium used for all cells were 20 
mM glucose and 5 mM sodium nitrate. OD at 600 nm were taken for these 24-hour 
cultures and plotted. Left axis shows OD scale.   
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CHAPTER 4 
STUDY OF S-NITROSOGLUTATHIONE REDUCTASE AS A POSSIBLE 
COFACTOR OF CLASS 1 NONSYMBIOTIC HEMOGLOBIN FOR  
PLANT HYPOXIC NITRITE REDUCTION 
 
A research paper in preparation 
Xiaoguang Wang1234, Singh Navjot12, Mark Hargrove24 
 
Introduction 
 S-nitrosoglutathione reductase (GSNOR) was originally identified as glutathione-
dependent formaldehyde dehydrogenase (GS-FDH, EC 1.2.1.1) or class III alcohol 
dehydrogenase (ADH III, EC 1.1.1.1) [1]. Recently, it was found to efficiently reduce s-
nitrosoglutathione (GSNO) with NADH or NADPH as an electron donor [2-4], so it 
started to be called GSNOR. The E. coli GSNOR was reported to produce oxidized 
glutathione (GSSG) and ammonia as major products, in a GSH (reduced glutathione) 
dependent manner [3]. The human GSNOR was found to irreversibly produce glutathione 
sulfinamide (GSONH2) and GSSG [5]. However, the products of plant GSNOR have not 
yet been systematically characterized.  
 In general, the role of plant GSNOR is proposed to control GSNO levels and 
protect cells against nitrosative stress [6, 7]. Plant GSNOR is highly expressed in root tips 
[8]. It is also found in plant roots, where the GSNO/GSH ratio is 1.5-2 fold as high as in 
                                                
1 Contributed in bench works. 
2 Contributed in experimental design. 
3 Contributed in writing. 
4 Contributed in editing and proof reading. 
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stem and leaf [9]. Considering nitrite and nitric oxide (NO) accumulation and pH 
decrease in plant roots under hypoxic or anoxic pressures, more GSNO is potentially 
produced under such conditions [10-12].  These conditions support a role for GSNOR in 
plant roots during hypoxia or anoxia.  
 Meanwhile, class 1 non-symbiotic plant hemoglobin (nsHb1) is also up-regulated 
in plant roots by hypoxia [13]. Previous studies have shown that ferrous nsHb1 can 
efficiently reduce nitrite to NO in vitro [14]. But right after NO is produced, it binds to 
the rest of ferrous nsHb1 and form an extremely tight Hb(2+):NO complex, presumably 
preventing further reactions by the hemoglobin. Although nsHb1 can also efficiently 
reduce hydroxylamine to ammonium [15], there is no evidence that it can reduce nitrogen 
past NO once it is bound to the ferrous Hb (Figure 4-1).  However, it is possible that the 
ferrous Hb(2+):NO complex could be reduced by some other as-of-yet unidentified 
component of the anoxic plant root cell.  
 Since GSNOR and nsHb1 are both important for plant hypoxia, they are both 
induced in plant root and localized in the cytosol [8, 10-13, 16], the present work tested 
rice (Oryza sativa Japonica Group) GSNOR as a possible cofactor of rice nsHb1 for 
anaerobic nitrite reduction in vitro. Experiments were carried out based on two 
hypotheses (shown in Figure 4-1).  Hypothesis 1 is that FDH can directly reduce the NO 
in the Hb(2+):NO complex (possibly through a HbS-NO intermediate) to release the 
ferrous nsHb, so that ferrous Hb can continue to reduce hydroxylamine to ammonium. 
Hypothesis 2 is that the GSNHOH reduced from GSNO by GSNOR is favored by ferrous 
nsHb rather than nitrite as a substrate, so the Hb(2+):NO production is avoided and 
ammonium can be produced. The results of this chapter present a test of this hypothesis 
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consisting of measuring a number of in vitro reactions of rice nsHb with rice GSNOR and 
inorganic nitrogen metabolites. We could find no significant interaction between nsHb 
and GSNOR, but present product analysis and enzyme kinetics constants for rice GSNOR 
reacting with GSNO.   
 
Materials and Methods 
 GSNOR cloning, expression and purification. Oryza sativa Japonica Group total 
mRNA was kindly provided by Dr. Reuben Peters from Biochemistry Department of 
Iowa State University. Using the rice total mRNA as template, RT-PCR followed by 
regular PCR with done to amplify the GSNOR gene. The gene was sub-cloned into the 
pET28 expression vector between NdeI and HindIII restriction sites. The resulted pET28-
GSNOR vector was transformed into E. coli BL21(DE3) competent cells (Promega). A 
single colony of transformed E.coli was used to make a 5 ml LB starter culture over night. 
1 ml of starter culture was used to inoculate 1 L fresh LB medium. A total of two 1 L LB 
cultures were prepared. Cell cultures were first incubated at 37ºC until cell OD reached 
0.6, and were then induced with 0.5 mM IPTG, and the temperature was lowered to 16ºC. 
After incubating at 16ºC for 8 hours, cell cultures were harvested by centrifugation, 
followed by lysing with a homogenizer. Soluble fraction of the cell lysate were passed 
through a Ni-NTA Agarose column (Qiagen). Using this method, GSNOR was purified 
to more than 95% purify.  
  
 GSNOR enzyme kinetics. All kinetics experiments were done aerobically with 
100 mM phosphate buffer (pH 7.0). Concentration of GSNO and NADH were first mixed 
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in a 1 ml quartz cuvette, then 2 ug GSNOR was added to initiate the reaction. Kinetics 
traces were recorded at 340 nm for NADH oxidotion, which was used to calculate initial 
velocity. In reactions to measure the Km of GSNO, NADH concentrations were constant 
at 100 µM, and GSNO was varied from 0 to 750 µM. In reactions to measure the Km of 
NADH, GSNO was constant at 250 µM, and NADH was varied from 0 to 200 µM. Initial 
velocities were plotted against GSNO or NADH concentrations and fit to the Michaelis-
Menten equation using Igor Pro software. Each reaction was repeated 3 times.  
 
 GSNOR product analysis. For LC/MS experiments, all samples were prepared in 
an anaerobic chamber in 100 mM phosphate buffer (pH 7.0). Concentrations for all 
standards including GSH, GSNO and GSSG was 1 mM. All standards were purchased 
from Sigma. For reaction mixtures, final concentration of reactants, when involved, were 
1 mM GSNO, 1 mM NADH, 2 ug/ml GSNOR, 1 mM GSH. Reactions were first mixed 
and incubated at room temperature in the dark (to avoid GSNO degradation) for 1 hour 
before LC/MS. Agilent 6540 QTOF was used for accurate mass detection. All samples 
were run in positive ionization mode. For 15N-NMR experiments, samples were prepared 
both aerobically and anaerobically. 15N labeled GSNO was prepared in lab by mixing the 
equal volumes of 500 mM reduced-glutathione (GSH) and 500 mM 15N-labeled sodium 
nitrite (pH adjusted to 3.0 by hydrochloric acid). After mixing, pH was adjusted to 7.4 
and concentrations were measured by absorbance at 340 nm and extinction coefficient of 
767 M-1 cm-1. 15N-NMR spectrums were collected with a Bruker Avance III 600 
Spectrometer.  
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 Assays to test GSNOR interactions with nsHb. Samples for all such assays are 
prepared in an anaerobic chamber in the dark in 100 mM phosphate buffer (pH 7.0). Then 
samples are loaded in an airtight quartz cuvette for measuring absorbance spectra outside 
of the chamber. Stock solutions were also prepared in the anaerobic chamber and stored 
in glass vials sealed with air tight crimped stoppers. Airtight Hamilton syringes were used 
to transfer stock solutions from vial to cuvette to avoid oxygen contamination. Ferrous 
rice nsHb1 and anaerobic NO solutions were prepared as previously described [17]. 1 M 




 Oryza sativa GSNOR enzyme kinetics. The Oryza sativa (Japonica Group) 
GSNOR gene was sub-cloned into a pET28 vector and over-expressed in E. coli 
BL21(DE3). After the soluble GSNOR was purified by Ni-NTA column, the GSNO 
reductase activity was verified by mixing the GSNOR with GSNO and NADH. As is 
shown in Figure 4-2, after 2 µg GSNOR was added to 1 ml mixture of 500 µM GSNO 
and 150 µM NADH in a cuvette, the NADH peak at 340 nm started to decay. In less than 
16 minutes, the reaction was finished, demonstrating GSNO reductase activity of the 
purified GSNOR enzyme. Figure 4-3 shows the enzyme kinetics results. To measure Km 
for GSNO, varying concentrations of GSNO (0 to 750 µM) were mixed with 100 µM 
NADH and 2 µg GSNOR in a 1 ml reaction. For each reaction, the NADH decay at 340 
nm was used to calculate the initial reaction velocity V0, and plotted against GSNO 
concentration as Figure 4-3A. The Km for GSNO is 43 ± 3 µM. To measure Km for 
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NADH, varying concentrations of NADH (0 to 200 µM) were mixed with 250 µM 
GSNO and 2 µg GSNOR in a 1 ml reaction. The NADH decay at 340 nm was also used 
to calculate the V0, and plotted against NADH concentration as Figure 4-3B. The Km for 
NADH is 9 ± 1 µM. All kinetics reactions were measured under aerobic condition.  
 
 Product analysis for GSNOR catalyzed GSNO reduction. LC/MS and 15N-NMR 
were used to characterize the products of anaerobic GSNO reduction by rice GSNOR. 
The LC/MS data are shown in Figure 4-4 and 4-5. A C-18 HPLC column was used for 
separation, and isocratic elution was performed with 10% H2O and 90% acetonitrile. 
Figure 4-4 shows that all three glutathione derivative standards are readily detectable by 
LC/MS, including reduced glutathione (GSH, Figure 4-4A), s-nitrosoglutathione (GSNO, 
Figure 4-4B) and oxidized glutathione (GSSG, Figure 4-4C). Mass/charge ratio (m/z) of 
both GSH and GSNO showed up as 1 proton charged, 308.09 for GSH (MW 307.08) and 
337.08 for GSNO (MW 336.07). GSSG (MW 612.15) can be either 1 proton charged 
(m/z 613.16) or 2 protons charged (m/z 307.08). Figure 4-5 shows LC/MS results for 
reaction mixtures that were incubated anaerobically for 1 hour after mixing. Figure 4-5A 
is 1 mM GSNO and 1 mM NADH with out enzyme, as a negative control. We can see the 
GSNO peak at retention time of 5.9 minute and some GSSG at 5.7 minute as seen in the 
standard (Figure 4-4B). When 2 µg GSNOR was mixed with 1 mM GSNO and 1 mM 
NADH in a 1 ml mixture, there was a new broad peak with a retention time of 2.5 to 2.7 
minutes (Figure 4-5B), representing the products after the GSNO reduction. In the 
product peak, there are two m/z values, one is 322.07 the other is 339.10. If both are 1 
proton charged, the m/z 339.10 is GSNHOH (MW 338.09) or the rearranged GSONH2, 
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which matches with the human GSNOR product reported previously [5]. The m/z 322.07 
then should represent a compound with a molecular weight of 321, which is 1 mass less 
than GSNH2 (MW 322.09). So with this data, we cannot identify the m/z 322.07. When 1 
mM GSH was involved in the reaction (Figure 4-5C), the same 2.5 to 2.7 minute peak 
was shown with the same two m/z 322.07 and 339.10. In addition to these products, large 
amounts of GSSG are also present. However, when 1 mM GSNO and 1 mM GSH were 
mixed, there were also similar amounts of GSSG (Figure 4-5D). So GSH reacts with 
products from GSNO reduction, but does react with GSNO directly.  
 The NMR data are shown in Figure 4-6. For each reaction mixture, samples were 
prepared under both aerobic and anaerobic conditions. GS15NO was used for all 
reactions. 10 µg GSNOR was added when “+” is shown under the “GSNOR” column. 21 
ppm represents ammonium. 80.7 and 80.1 ppm are possibly GSNHOH and GSNH2, 
because these two products show up together, just like the m/z 322.07 and 339.10 in 
LC/MS. With 10 mM GSNO and 10 mM NADH, there were not any products (Figure 4-
6 A and B). With 10 mM GSNO, 5 mM NADH and GSNOR, 80.7 and 80.1 ppm 
products and ammonium were produced (Figure 4-6 C and D). When NADH was 
increased to 10, 20 and 40 mM, all products were increased correspondingly under air 
condition (Figure 4-6 E, G and I). But under anaerobic condition, this increase was only 
obvious when NADH increased from 5 to 10 mM (Figure 4-6 D and F), not from 10 to 20 
and 40 mM (Figure 4-6 H and J). Involvement of 10 or 20 mM GSH in the 10 mM 
GSNO, 10 mM NADH, and GSNOR reactions did not seem to change any product 
profiles in aerobic or anaerobic conditions (Figure 4-6 K, L, M and N). Involvement of 
10 or 20 mM GSH in the 10 mM GSNO, 20 mM NADH, and GSNOR reactions in air 
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showed a decrease of all products (Figure 4-6 O and Q) compared to the absence of GSH. 
However, when 10 mM GSH was mixed with 10 mM GSNO, 20 mM NADH and 
GSNOR anaerobically (Figure 4-6P), all products showed an increase compared to the 
absence of GSH, while 20 mM GSH did not make any change in the product profile  
(Figure 4-6R). 
 
 A test of GSNOR as a possible cofactor for rice nsHb1 nitrite reduction. To test 
hypothesis 1 (Figure 4-1), ferrous rice nsHb1 (Hb2+) was prepared anaerobically. Then it 
was loaded in an airtight cuvette to take a spectrum and verify the ferrous state of heme at 
500 to 600 nm wavelength range (Figure 4-7A solid line). Then NO saturated buffer, 
NADH and GSNOR was added to the cuvette with airtight Hamilton syringes 
sequentially. Right after NO was added, the Hb(2+):NO complex was formed, as evident 
from a flat spectrum from 540 to 590 nm (Figure 4-7A dash line with small interval). 
When NADH and GSNOR were added, the Hb(2+):NO spectrum did not change (Figure 
4-7A dash lines with middle and big interval), meanwhile the NADH was not consumed 
(Figure 4-7B dash lines with middle and big interval). After waiting for 30 min after 
everything was mixed, Hb(2+):NO was still there with NADH not consumed (Figure 4-7 A 
and B dash lines with small/big interval). So GSNOR cannot reduce the NO in Hb(2+):NO 
complex and release Hb(2+). Hypothesis 1 is thus rejected. 
 Figure 4-8 shows results for testing hypothesis 2. Ferrous rice nsHb1 (Hb(2+)) was 
prepared in the anaerobic chamber. Meanwhile, the reactants to be mixed with Hb(2+)were 
also prepared anaerobically. One reactant was 10 mM GSNO only, the other is a mixture 
of 10 mM GSNO, 10 mM NADH and 10 µg/ml GSNOR. Both reactants were incubated 
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for 1 hour anaerobically before sealed in glass vials and used for mixing with ferrous 
hemoglobin. Two mixing experiments were done. For both mixing experiments, 900 µl 
of Hb2+ was first loaded in an airtight cuvette, and absorbance spectrum was measured. 
Deoxy ferrous heme was observed, as expected (Figure 4-8A and B bold solid lines). 
Then in the first mixing experiment, 100 µl of 10 mM GSNO was added to Hb2+ to give a 
final concentration of 1 mM GSNO. Right after mixing, 0.5 minutes, 1 minute and 15 
minutes after mixing, spectra were measured (Figure 4-8A, thin solid line, dash lines with 
big, middle and small intervals respectively). Within 1 minute, the Hb2+ was completely 
reacted with GSNO and showed a Hb(2+):NO complex spectrum that was stable for the 
next 15 minutes. However, when 100 µM of the GSNO, NADH and GSNOR mixture 
was added to Hb2+ in the second mixing experiment, nsHb1 remained in the ferrous state 
(Figure 4-8B, thin solid line, dash lines with big, middle and small intervals). From time 
courses of absorbance at 557 nm (Figure 4-8C), we can clearly see that ferrous nsHb1 
was quickly reacted in first mixing experiment but not in the second. This means the 
products from GSNOR-catalyzed GSNO reduction do not react with ferrous nsHb1, and 
hence hypothesis 2 is also rejected.  
 
Discussion 
 Although the rice and other plant glutathione-dependent formaldehyde 
dehydrogenases were well characterized [18-22], the s-nitrosoglutathione reductase 
(GSNOR) activity of this enzyme in plants has only been reported in the last decade [22]. 
Our steady-state kinetic measurements show that the rice GSNOR Km for GSNO is 43 
µM, and for NADH is 9 µM. The Km for GSNO is similar to that reported for tomato 
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GSNOR (57 µM) [23]. The Km for NADH, although in the same range as the tomato 
enzyme (58 µM) [23], is about 5 fold smaller. The glutathione-dependent formaldehyde 
dehydrogenases activity of our GSNOR was also verified. 
 Our product analysis with LC/MS shows two m/z values in the product, 322.07 
and 339.10. Since we used the positive ionization mode for mass detection, and both 
GSNO and GSH standards were charged with 1 proton, the m/z 339.10 is determined as 
GSNHOH or GSONH2, whose mass is 338.09. This product matches with the human 
GSNOR as reported previously [5]. According to the E. coli GSNOR product from a 
previous study [3], the m/z value of 322.07 is possibly GSNH2. However the mass of 
GSNH2 is 322.09, and if it is 1 proton charged, the m/z should be 323 instead of 322.07. 
So in this case, we cannot verify the identity of the m/z 322.07, and we cannot rule out 
the possibility that it is a fragment of the m/z 338.09. To further verify this, we will need 
more information about these two m/z by doing MS-MS or run the same MS experiment 
with negative ionization mode.  
 In the 15N-NMR experiments, we identified ammonium as a product from the 
GSNOR catalyzed GSNO reduction. And the ammonium production is neither GSH 
dependent, nor anaerobic condition dependent. Together with ammonium, we also see 
another two chemical shifts at 80.7 and 80.1 ppm. These two peaks show up under the 
same circumstances as the two m/z in the MS, suggesting the two NMR chemical shifts 
and the two m/z from LC/MS are the same compounds. However, at this point we cannot 
tell if the two NMR chemical shifts are from one compound or two, since they always 
show up simultaneously. To further analyze the reaction products, we need purified 
GSNHOH and GSNH2  compounds as 15N-NMR standards.  
 91  
 We are interested in the plant GSNOR because we thought it might be a potential 
cofactor of the plant nonsymbiotic hemoglobin (nsHb) for hypoxic nitrite reduction. 
However after testing two possible hypotheses in vitro, the rice GSNOR is not working 
as a cofactor of rice nsHb1 to facilitate its anaerobic nitrite reductase activity.  To be 
specific, the GSNOR does not help ferrous nsHb1 to either go beyond or avoid forming 
Hb(2+):NO complex, which is a dead end and stops nsHb1 from reducing nitrite all the 
way to ammonium.  
 Although our data do not support a connection between GSNOR and nsHb1, it 
does not necessarily mean the GSNOR is not important for plant to survive hypoxia and 
anoxia pressure. It is proposed that the plant GSNOR is to help plants to release the 
nitrosative stress [6, 7]. However, in plant root, usually facing such nitrosative stress 
caused by hypoxia and anoxia, have a lower GSNOR activity than in steam [23], even 
though the plant root has extremely high GSNOR expression [8]. Thus the role of 
GSNOR in plants remains a mystery, which needs future investigation.  One interesting 
side note from this work is that the reaction of GSNO with plant Hbs is faster than it 
should be if it were limited by NO release from GS.  Thus, there appears to be some 
mechanism stimulating NO transfer from GSNO to the Hb heme iron.  Future work in the 
Hargrove lab will investigate this phenomenon across different Hbs and under different 
ligand and oxidation states.   
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Figures and Legends 
 
 
Figure 4-1. Two hypotheses for GSNOR being a cofactor of nsHb1 for anaerobic 
nitrite reduction. Hb2+ is ferrous rice class 1 nonsymbiotic hemoblogin (nsHb1), Hb3+ is 
ferric nsHb1. Hypothesis 1 (blue) is that GSNOR can directly react with Hb(2+):NO 
complex to reduce the NO and release  Hb2+, so the Hb2+ can continue to reduce 
hydroxylamine and produce ammonium. Hypothesis 2 is based on 1) the fact that ferrous 
nsHb1 can reduce hydroxylamine (rate constant 25 mM-1 s-1, [15]) way faster than nitrite 
(rate constant 0.083 mM-1 s-1, [14]); 2) the product GS-NHOH from GSNO reduction by 
GSNOR is similar to hydroxylamine, so it might be a potential substrate of Hb2+. Hence 
we hypothesize that the GS-NHOH produced from GSNO reduction can compete with 
nitrite as a substrate of Hb2+, protect the it from toxifying by the NO produced from 
nitrite reduction, and produce ammonium as final product. 
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Figure 4-2. NADH dependent GSNO reduction by GSNOR. 500 µM GSNO and 150 
µM NADH were mixed in 1 ml cuvette in air, 2 ug purified GSNOR was added to initiate 
the reaction. Scan kinetics was recorded and shown in main graph. The peak at 340 nm 
represents reduced NADH. NADH decay is shown from 0 to 16 minute. Time course for 
340 nm reading is plotted in sub-graph on top right and fitted as an exponential curve.  
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Figure 4-3. GSNOR enzyme kinetics. Initial velocity V0 is calculated by NADH decay 
at 340 nm. Each point represents reactions with certain concentration of GSNO, NADH 
and 2 ug/ml GSNOR. A) Km of GSNO. NADH concentration was fixed at 100 µM for all 
reactions. GSNO concentration was varied from 0 to 750 µM. Initial velocities were 
plotted and fitted to an exponential curve. B) Km of NADH. GSNO concentration was 
fixed at 250 µM for all reaction. NADH concentration was varied from 0 to 200 µM. 
Initial velocities were plotted and fitted to an exponential curve. 
 97  
 
Figure 4-4. LC/MS standards. Relative intensity on the left axis shows the LC intensity 
relative to the highest peak. Sub-graphs show the extracted mass (positive mode) from 
arrow pointed peaks. A) reduced glutathione (GSH); B) s-nitrosoglutathione (GSNO); C) 
oxidized glutathione (GSSG). 
 98  
 
Figure 4-5. GNSOR produce analysis by LC/MS. Main graphs are LC intensities 
against retention time. A) negative control, 1 mM GSNO and 1 mM NADH. B) 1 mM 
GSNO, 1mM NADH with 2 µg/ml GSNOR. C) same as B, but added 1 mM GSH. D) 
negative control for C, 1 mM GSNO and 1 mM GSH. Sub-graphs show extracted mass 
(positive mode) for arrow pointed peaks. Products predicted from mass and their 
structures are shown on the right. 
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Figure 4-6. GSNOR product analysis by 15N-NMR. 15N labeled GSNO was used in all 
reactions. 1 ml reaction mixtures components and concentrations are listed in the table on 
left. Each reaction mixture was done twice, once in air (black), once in anaerobic 
chamber (red). All reactions were incubated for 1 hour after mixing and then 15N-NMR 
spectrums were taken. 
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Figure 4-7. Test of hypothesis 1. A) and B) represents the spectrums at different 
wavelength for the same experiments. A) monitors heme peaks at visible range; B) 
monitors NADH peak at 340 nm. Legends are shown under graphs. Ferrous rice nsHb1 
(Hb2+) was first added in airtight cuvette in anaerobic chamber and its spectrum (solid 
line) was taken out side of chamber. Then NO saturated buffer was added into cuvette 
(dash line with small interval). Then 100 µM NADH was added (dash line with middle 
interval). Then 2 µg GSNOR was added (dash line with big interval).  Then waited for 30 
minutes and took the last spectrum (dash line with small/big intervals). 
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Figure 4-8. Test of hypothesis 2. Ferrous rice nsHb1 (Hb2+) was first added in airtight 
cuvette in anaerobic chamber and its spectrum (bold solid lines) was taken out side of 
chamber. Then reactant was added to to Hb2+. Right after adding reactant, spectrum was 
taken (thin solid lines). Reactant in A) was 100 µM GSNO; in B) was mixture of 100 µM 
GSNO, 200 µM NADH and 2 µg GSNOR, incubated in anaerobic chamber for 1h. Then 
after 0.5 minutes, 1 minute and 15 minutes, spectrums were taken, respectively 
represented by dash line with big, middle and small intervals. C) shows time courses of 
557 nm for A (circle) and B (triangle).  




   One physiological role of plant nonsymbiotic hemoglobins (nsHbs) was proposed 
to be nitric oxide (NO) scavenging via the NO dioxygenation (NOD) reaction with 
assistance of ascorbate (AA) and monodehydroascorbate reductase (MDHAR) [1]. This 
specific hypothesis was tested with two conclusions: 1) AA can slowly reduce nsHb, so 
potentially it can facilitate the reduction half of the NOD reaction for ferrous nsHb 
recycling. But the AA reduction of nsHb1 does not borrow a favor from MDHAR. 2) AA 
does not stimulate NO scavenging by nsHb under hypoxic conditions. 
 Under hypoxic or anoxic conditions, the NOD function of nsHb will be inhibited 
by low oxygen level. A more possible role of nsHb under such conditions is to reduce 
nitrite and produce NO. This is supported by the fact that plant nsHbs are much better 
nitrite reductases than other hemoglobins [2, 3]. At this point, dissimilatory NO reduction 
instead of NOD will be more beneficial for plants under hypoxia or anoxia pressure. 
However, the NO produced from nitrite reduction can form a very tight complex with 
ferrous nsHb and toxify it in vitro. But considering nsHbs are also efficient 
hydroxylamine reductases [4], it is still reasonable to hypothesize that nsHbs are 
dissimilatory nitrite reductases under hypoxic or anoxic conditions. If this is true, there 
has to be a mechanism in vivo for nsHb to over come the NO toxic effect. To find the 
possible factors involved in this mechanism, we need a proper biology screen. The E.coli 
nirB mutant (a nitrite reductase single gene knockout) was found to have a growth 
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deficient phenotype in glucose and nitrate minimal medium, therefor is a good screen for 
this purpose.  
 Plant s-nitrosoglutathione reductase (GSNOR) is potentially important for 
relieving hypoxic nitrosative stress [5, 6]. But our data proof that it does not facilitate 
plant nsHb to over come the NO toxic effect. 
 In the future, our priority is to use the E.coli nirB mutant to screen the plant root 
cDNA library and find possible cofactors for nsHb nitrite reduction under hypoxic or 
anoxic conditions.  
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